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Preface 


This book represents an attempt to systematize organic chemistry through 
the use of electronic mechanisms. It is not intended in any way to take the 
place of the several excellent books now available in the field of theoretical 
organic chemistry, but rather it must depend on these books for its physical 
background. The rapid progress of theoretical chemistry has done much to 
clarify the complexities of organic chemistry, but unfortunately little effort 
has been made to present these new developments to students in organic 
chemistry. It is true that students at the undergraduate level rarely have 
sufficient background to grasp the real significance of the contributions 
made to organic chemistry by kinetic studies, the quantum-mechanical con¬ 
cept of resonance, etc. It is possible, however, to adapt these principles to 
undergraduate teaching, thereby placing the emphasis on why reactions 
occur rather than on the mere fact that they do occur. This emphasis not 
only introduces a continuity of thinking into the subject of organic chemistry 
but stimulates the student to think for himself. 

The notes on which this book is based were developed over a period of 
several years. Much of the material has been presented to undergraduate 
and graduate students and several revisions have been made as a result of 
these experiences. When presented to undergraduates it has been found 
convenient to incorporate this work with the usual descriptive material in¬ 
cluded in courses in organic chemistry. To the advanced students in organic 
chemistry the notes have served two useful purposes: (1) reviewed funda¬ 
mental organic chemistry through the use of electronic mechanisms; and 
(2) stimulated an interest in the modern approach to the study of organic 
reactions. 

It is recognized that with the accumulation of more data many changes 
in current electronic mechanisms will be necessary. It is hoped that future 
revisions of this volume will keep it abreast of the times through the in¬ 
clusion of new material as it becomes available. 

The author is grateful for the opportunity to thank Dr. T. R. Geissman 
of the University of California, Los Angeles, California, for his valuable 
criticisms of the original manuscript. 




Contents 


CHAPTER PAGE 

L Valence Bonds 1 

II. Reaction of Paraffin or Alkane Hydrocarbons 8 

III. Reactions of Olefin or Alkene Hydrocarbons 10 

IV. Reactions of Alkyne or Acetylene Hydrocarbons 19 

V. Reactions of Conjugated Diolefins or Dienes 23 

VI. Reactions of Aromatic Hydrocarbons 28 

VII. Reactions of Alicyclic Hydrocarbons 50 

VIII. Reactions of Halogen Compounds 52 

IX. Reactions of Alcohols 65 

X. Reactions of Phenols: The Fries Rearrangement and Claisen 

Rearrangement 76 

XI. Reactions of Thioalcohols or Mercaptans 96 

XII. Reactions of Ethers 98 

XIII. Reactions of Thioethers 110^ 

XIV. Reactions of Aldehydes and Ketones 

XV. Reactions of a, j3-Unsaturated Aldehydes and Ketones 145 

XVI. Reactions of Dialdehydes and Diketones 152 

XVII. Reactions of Ketenes 157 

XVIII. Reactions of Quinones. 164 

XIX. Reactions of Sugars 170 

XX. Reactions of Monobasic Acids y 177 

XXI. Reactions of Derivatives of the Monobasic Acids 190 

XXII. Reactions of Aliphatic Amines 219 

XXIII. Reactions of Aromatic Amines and Diazonium Compounds 229 

XXIV. Isomerization Reactions of N-Substituted Aromatic Amines 244 

XXV. Reactions of Alkyl and Aryl Derivatives of Hydrogen 

Cyanide 251 

XXVI. Reactions of Dicarboxylic Acids and Their Derivatives 256 

XXVII. Reactions of Amino Acids 270 

XXVIII. Reactions of Aliphatic Hydroxy Acids 276 

XXIX. Reactions of Aliphatic Keto Acids 280 

XXX. Reactions of Heterocyclic Compounds 284 

Bibliography 301 

Index 307 




CHAPTER I 


Valence Bonds 


The unique ability of carbon to form stable bonds with other carbon 
atoms as well as with atoms of other elements accounts for the tremen¬ 
dous number of known carbon compounds. The huge number of carbon 
compounds, with their varied reactions, has made it necessary to incor¬ 
porate them under a separate heading, namely, the chemistry of carbon 
compounds or organic chemistry. This separation from inorganic chem¬ 
istry, although necessary from a practical viewpoint, has led to a very 
undesirable result. The belief, held by many in the past, that inorganic 
reactions and organic reactions are fundamentally different was due in 
part to this division. Other factors, such as the complex structures of many 
organic molecules, have also contributed to this belief. The idea that 
inorganic reactions are essentially ionic and organic reactions are essen¬ 
tially nonionic, and thus are radically different, still persists to some 
extent. Actually the reactions of the two types of compounds are governed 
by the same fundamental principles and the apparent differences tend to 
merge when these principles are applied. A clear understanding of the 
nature of valence bonds is essential for the study of organic reactions. 

The Lewis formulation of valence bonds is well known to chemists (1). 
According to this theory, when atoms combine they do so by a mutual 
redistribution of their extranuclear electrons. In most cases this redis¬ 
tribution is such that in the compound formed each atom now has the 
electronic configuration of an atom of one of the inert elements, a struc¬ 
ture expected to confer stability on the molecule. 

Thus, hydrogen atoms combine 

H* -f H* -►H:-H or H-H ^ 

by a sharing of their respective electrons and in the resulting molecule 
each hydrogen atom has now the electronic structure of helium. Simi¬ 
larly, the valence bonds of methane 

H H 

H:c:H or H-C-H ■ 

H H 

represent shared electron pairs. The carbon atom with four electrons 
originally in its valence shell now has an octet and the electronic struc¬ 
ture of neon, and since these pairs are shared, each hydrogen atom at the 
same time has the helium configuration. 

Double and triple bonds are also due to the sharing of electrons and 
represent two and three pairs, respectively. Thus we write ethylene 
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and acetylene 


H H 

H:c;:C:H or H2C=CH2 


or HC = CH 

The bonds formed by the sharing of electrons by the bound atoms are 
termed covalent bonds. 

In addition to covalent bonds, we have the ionic bonds which result 
when the atoms combine by transfer of one or more electrons from one 
atom to another. For example, the bond in sodium chloride is due to the 
transfer of the single electron of the valence shell of the original sodium 
atom to the valence shell of the chlorine atom which originally contained 
seven electrons. Due to this transfer the combined sodium and chlorine 
atoms are now ions, being positively and negatively charged and having 
the electronic configurations of neon and argon, respectively. Their oppo¬ 
site electric charges bind the ions together in this case. 

: or Na Cl 


Na>* + -Ci: 


Na; -h :ci 


Another type of bond is frequently met and is called a semipolar bond. 
This bond occurs when one of the bound atoms supplies both electrons 
of the pair shared by the two atoms. For example, a count of the electrons 
in the formulation of a dialkyl sulfoxide shows that the pair of electrons 
forming the bond between sulfur and oxygen is supplied by the sulfur 
atom: 


r:s: 0: or R-S-0 

•• •• -j. _ 

In acquiring a share in a pair of electrons which belong to sulfur, the 
oxygen atom takes on a fractional negative charge. As a result of its elec¬ 
tron sharing, the sulfur acquires a corresponding positive charge. 

In the sharing and transfer of electrons it was recognized by Lewis 
that the pairing of electrons is more important than the formation of 
octets of electrons in the valence shells of the combined atoms. It is now 
known that the electron acts as if it is not a point particle but possess^ 
a spin, the angular momentum of which can be oriented by a magnetic 
field in either one of only two directions. Furthermore, two electrons of 
any atom, with their energies and motions otherwise the same, must have 
opposite spin orientations. For example, the two electrons in the normal 
helium atom are both in the lowest energy level, the K shell, and have 
identical behaviors except for their opposite spins. These electrons arc 
called paired electrons. 
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The formation of the hydrogen molecule is due to the pairing of elcc- 
< 1*008 in this sense. Each of the original hydrogen atoms has a single or 
unpaired electron. When these atoms join, these two electrons are paired 
and, if in the normal state of this molecule they are shared, each hydrogen 
atom has the electronic configuration of the helium atom. In the forma¬ 
tion of sodium chloride, the original sodium atom has only one unpaired 
electron and the original chlorine atom only one, the other six of the 
chlorine atom being already paired up. Sodium chloride forms by pairing 
these two originally unpaired electrons. 

Resonance. The Lewis theory of valence bonds has been clarified and 
improved in the last ten years by the use of a new concept called reso¬ 
nance (2, 3). An understanding of this concept may be obtained by con¬ 
sideration of its application to bonds of the type just discussed. 

Consider the bond in the hydrogen molecule. The Lewis formula, H:H, 
does not imply that the electrons have a static position midway between 
the two nuclei. The electrons are so small and light, and are moving so 
rapidly that it is impossible to tell their exact positions at any time. 
Quantum mechanical theory (4) shows that if the electrons are paired 
in the sense described above, their motions are identical except for their 
spins, and such that they spend most of their time midway between the 
nuclei. There is a high probability of finding them between the nuclei at 
any time and this is taken as their average position. 

We must realize that the net attraction holding the particles together 
is the result of the attractions of the positively charged nuclei for the nega¬ 
tively charged electrons, these attractions outweighing the repulsions be¬ 
tween the two electrons and between the two nuclei. If the two atoms 
acted independently in the sense that each nucleus would attract only one 
electron, the one originally associated with it, the net attraction between 
the atoms would be so low that no stable molecule would result. The 
electrons, however, would be expected to exchange nuclei readily in the 
course of their motion because of the symmetry of the system and the 
identical patterns of the motion of the electrons in the separate atoms. 
The result of this exchange is that the electrons move about both atoms 
and each nucleus attracts both electrons. This is the nature of the sharing 
of the paired electrons and this exchange of the electrons results in a high 
net attraction of the particles in the molecule, so that the hydrogen atoms 
are bound firmly together. 

Obviously, no single diagram such as the Lewis formulation can show 
this exchange and portray adequately the structure it confers on the mol¬ 
ecule. The quantum mechanical theory which makes quantitative calcu¬ 
lation of the strength of the bond docs so in a complex mathematical 
vmy, yet the fundamental principle of this calculation provides a rather 
simple way of describing the bond. 

The molecule is pictured as a hybrid of several structures which are 
said to be in resonance with each other. Thus, if we label the electrons 
and nuclei in the hydrogen molecule, the actual structure described above 
can be considered a resonance combination of the following structures: 
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H- -H and -H 

A a A a 

I II 


Structure I pictures electron 1 associated with nucleus A and electron 
2 associated with nucleus B. Structure II pictures electron 2 associated 
with nucleus A and electron 1 with nucleus B. These two structures are 
identical since the electrons are indistinguishable, but the exchange of 
electrons bestows a lowered energy on the system and the resultant bond 
is stronger than if either of the separate structures I or II persisted as the 
actual one for the molecule. This lowering of the energy is termed the 
resonance energy. It should be noted that this description does not pic¬ 
ture the actual molecule as a mixture of molecules, some of structure I 
and some of structure II. There is only one kind of molecule, and its 
structure is a sort of average of structures I and II, but of lower energy 
than either of the two. 

The quantum mechanical treatment reveals that more than two struc¬ 
tures may contribute to the actual structure. We may say that the actual 
single structure is a hybrid of several structures. Surprisingly enough, 
this is the case even with hydrogen. If we recall the way in which the 
electrons can, by resonance or exchange, move about both atoms to form 
the normal molecule, then it seems possible that part of the time both 
electrons will be associated with only one of the two nuclei. Due to the 
high rapidity of electron motion, this behavior would average up to the 
actual structure with the electrons midway between the nuclei and with 
each nucleus attracting both electrons. Here the individual or separate 
structures in resonance would be: 

— 4- 4“ — 

H: H and H :H 

A a A a 

III IV 

These separate structures do indeed have a slight stability according to 
the calculations of quantum mechanics, but, as expected from the in¬ 
stability of a negatively charged hydrogen ion, these structures are not 
as stable as structures I and II. For this reason, they contribute less to 
the actual structure of the molecule. 

In general, the actual structure of the molecule will be closest that of 
the resonant structure which is of lowest energy. Furthermore, the res¬ 
onance energy will be greatest when, of the resonant structures, two or 
more of the lowest energy structures are of equal or nearly equal energy. 
We should predict this intuitively since the electron exchange or reso¬ 
nance would be expected to take place most readily if the structures be¬ 
tween which the exchange takes place have equal energies. 

The higher the resonance energy, the lower the energy of the molecule 
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and the more stable that molecule. The resonance energy is a measure of 
how much the actual structure of the molecule is different from, and 
more stable than, any of the structures of which it is a hybrid. The four 
resonant structures pictured for the hydrogen molecule are the only ones 
of any considerable stability that may be conceived for this molecule. As 
just explained, the first two are of equal energy and their energy is much 
lower than that of the last two. The contribution of the last two forms is 
noticeable only because these two ionic forms are equivalent. We see that 
the bond in this molecule, even though it is made up of two identical 
atoms, is partly ionic although predominantly covalent. As this suggests, 
no actual bond between any two atoms is purely covalent or purely ionic. 

Structural requirements for resonance. Before proceeding with the 
application of resonance theory to the description of the bonds in more 
complex molecules, we must set down the two important requirements 
that the structures must fulfill in order to participate in resonance. 
First, they must have the same number of unpaired electrons. This was 
the case with the structures pictured for the hydrogen molecule. 

Second, the relative positions of the atomic nuclei in these structures 
must be very nearly the same. This is to be expected, because if the nuclei 
are not in almost exactly the same positions these structures will differ 
greatly in energy. It is not possible for the dense nuclei to take part in 
exchange effects such as the electrons execute. The second requirement 
was also met by the structures proposed for the resonance in the hydrogen 
molecule. While the nuclei in the ionic structures are not expected to be 
exactly the same distance apart as in the covalent ones, still the nuclei are 
not at fixed distances apart. The nuclei do vibrate rapidly through small 
distances about their equilibrium positions and thus there would be an 
overlapping of the effective nuclear positions in the hypothetical purely 
ionic and purely covalent structures. 

Where more than two atoms are present in the molecule, the require¬ 
ment of a fixed nuclear arrangement becomes more evident. The triatomic 

A— B— C an d A— C— B 

structures cannot resonate with each other to produce a single hybrid of a 
structure average of the two. Even if these two forms are in rapid chemical 
equilibrium, the system which they comprise is a mixture of two different 
isolable molecules, called isomers. The most rapid of these chemical equi¬ 
libria are the tautomeric equilibria, but even here mixtures rather than 
single forms are demonstrable. Once again it should be noted that reso¬ 
nant structures are only imaginary ones by means of which we can de¬ 
scribe the real and single structure of the molecule. If each of the resonant 
structures we use to describe the molecule were a real substance, we would 
not obtain the chemical and physical properties of the actual molecule by 
mixing these substances together. We shall meet this important difference 
between resonance and tautomerism many times in the discussions fol¬ 
lowing. 
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Effect of the electronegativity of bound atoms. Since the bond joining 
two atoms in a molecule is never purely covalent or purely ionic, it is 
convenient to describe a bond which is essentially covalent by calling it 
a covalent bond with partial ionic character. The amount of ionic charac¬ 
ter depends upon the difference in the electronegativities of the bound 
atoms. The electronegativity of an element is the attraction its atom has 
for electrons when the atom is combined in a molecule. The most electro¬ 
negative element is fluorine, the least electronegative is cesium. Of the 
elements most frequently found in organic compounds, hydrogen and 
phosphorus are the least electronegative; carbon, sulfur, and iodine are 
about equally electronegative; while the most electronegative are, in in¬ 
creasing order, bromine, nitrogen, chlorine, and oxygen. 

A normal covalent bond may be defined as one between two identical 
or two very similar atoms. The bond in the hydrogen molecule is a nor¬ 
mal covalent bond. The ionic character of a normal covalent bond is 
small, due to the instability of the ionic structures which contribute to 
the resonance causing the bond. 

If in the molecule A—B the atoms A and B differ appreciably in electro¬ 
negativity, say B is more electronegative than A, then the first of the two 

resonating structures, AB and AB, will possess considerable stability and 

-j— ^ 

will certainly be more stable than the ionic structures, AA and BB, which 
would contribute slightly to the structure of the molecules A—A and B—B. 

-f — 

This being the case, the ionic structure AB will contribute appreciably 
to the actual structure of A—B and the resonance energy will be greater 
than if the bond were a normal covalent bond. 

As a test for this extra stability conferred on the bond by its increased 
ionic character, Pauling (2) has proposed a comparison of the strength 
of the bond with that of a normal covalent bond between the two atoms. 
This comparison assumes that if the bond in A—B were a normal covalent 
bond, its bond energy (that is, the energy required to break the bond) 
would be the arithmetic mean of the bond energies in the truly normal 
covalent molecules A—A and B—B. 

In the cases for which the necessary data are available, the actual bond 
strength is greater than the normal covalent bond value so calculated. 
Furthermore, the difference depends on the relative electronegativities of 
the bound atoms in the manner expected. For example, the bond energies 
of hydrogen, H—H, and fluorine, F—F, are 103.4 and 63.5 kcal. per mole, 
respectively. The arithmetic mean of these is 83.5 kcal. per mole, which 
according to this procedure would be the bond strength for H—F if the 
bond were a normal covalent one. The actual bond strength is 147.5 kcal. 
per mole, showing an increased bond energy of 64.0 kcal. per mole due to 
the high difference in the electronegativities of hydrogen and fluorine, 
which gives the bond its high percentage of ionic character. In H—Cl the 
electronegativity difference of the bound atoms is less and the increase in 
bond energy over the normal covalent value is only 22.1 kcal, per mole. 
The corresponding values for H—Br and H—I are 12.5 and 1.6, re¬ 
spectively. 
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It should be pointed out that the above discussion is not restricted only 
to the particular bonds which were used as examples. All bonds will pos¬ 
sess some ionic character and to some extent will behave like ionic bonds. 
The positive and negative charges associated with all bonds may attract 
negative and positive centers in other molecules and this attraction may 
be regarded as the initial step in many reactions. Other important factors 
are also involved and the mere fact that electrostatic attractions are set up 
does not necessarily mean that a reaction will occur, with the breaking of 
old bonds and the formation of new ones. The energies involved in the 
breaking and formation of bonds obviously must be considered in any 
quantitative approach to a study of reactions. Fortunately, it is possible 
to formulate some simple rules which are quite useful for qualitatively 
predicting the course of many organic reactions. These will be developed 
in appropriate places in the chapters on reaction mechanisms. 

In addition to the large number of organic reactions which simulate 
ionic reactions, there is another type which follows a radical mechanism. 
Reactions of this type involve a pairing and unpairing of electrons rather 
than the sharing and unsharing of electron pairs characteristic of the 
“ionic” reactions. Many examples of both types will be discussed in 
Chapters II-XXX. 
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CHAPTER II 


Reaction of Paraffin or Alkane Hydrocarbons 


In general the paraffin hydrocarbons are stated to be relatively inert. 
They do, however, undergo substitution reactions under suitable condi¬ 
tions. Substitution occurs readily with chlorine or bromine in the pres¬ 
ence of sunlight. 

Photohalogenation is best explained on the basis of a chain mechanism. 
Under the influence of sunlight, the halogen molecule dissociates and the 
free halogen atoms then attack the hydrocarbon. There is some evidence 
that the mechanism involves an intermediate free radical (5) : 

:ci:ci:^r ~ =!r2:ci* 

CH4 4- Cl*-i-CH3--fHCl 

CHy -f Cl 2-^CH3C1 -h Cl* 

The chain may be terminated by the recombination of chlorine atoms 
or by the combination of the chlorine atom with the free methyl radical, 

+ Cl-► CH^Cl. Continuation of the above process may lead to the 

formation of tetrachloromethane. Bromine reacts less readily than chlo¬ 
rine, and iodine does not react. Halogenation at elevated temperatures 
(thermal halogenation) undoubtedly follows a similar mechanism. Re¬ 
actions in which the attacking reagent is an atom or a free radical are 
referred to as radical reactions and involve the simultaneous pairing and 
unpairing of electrons. Atoms and free radicals are neutral in character 
and owe their activity to the possession of single unshared electrons. The 
fact that the chlorination of ethane is accelerated by the presence of tetra¬ 
ethyl lead (6) also supports a radical mechanism. The formation of free 
ethyl radicals from the thermal decomposition of tetraethyl lead has been 
demonstrated by Paneth and co-workers (7). 

In the above reaction, two bonds are broken, C—H and Cl—Cl, and 
two new bonds formed, C—Cl and H—Cl. Energy is absorbed in the 
breaking of the first two bonds, and energy is given up in the formation 
of the last two bonds. The over-all energy change may be expressed as 
the heat of the reaction (in calories). It has been shown that for the 
reaction 


-C-H 4- X-X —► -C“X 4- H-X 

I I 

heat is evolved when X = Cl. Only about one-third as much heat is given 
off when X == Br, and if iodine were to react, heat must be absorbed. 
Thus there is a decrease in energy in the reactions with chlorine and 
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bromine. Since such a decrease may be considered to be a measure of the 
driving force of the reaction, it is obvious that iodine would have the least 
tendency to react. 

The paraffin hydrocarbons also undergo substitution reactions with 
concentrated nitric acid at elevated temperatures. Nitrations with nitric 
acid or fuming nitric acid have all of the characteristics of a radical type 
reaction, although the exact nature of the attacking radical has not been 
established. 


RH 4 - MONO 2-► RNO2 4 HOH 

nltroparaffln 

CH4 4 MONO 2 —►CH3NO24HOH 
nltromethane 


In some cases the action of nitric and sulfuric acids as substituting 
agents requires the assumption that they are electrophilic (electron-seek¬ 
ing) reagents. The polarizations which correspond to the known courses 
of ionization 


H-ONO2 and H-OSO2OH 
4 - 4 - 

do not give rise to the required electrophilic reactants and hence could 
not initiate substitution reactions. These reactions will be discussed in 
greater detail in the section on aromatic hydrocarbons. 
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CHAPTER III 


Reactions of Olefin or Alkene Hydrocarbons 

The characteristic linkage of the alkenes is a covalent bond consisting 
of two pairs of electrons between two carbon atoms. In the symmetrical 
olefins it may be assumed that the electrons are shared equally by the two 
unsaturated carbon atoms. The most characteristic reactions of these un¬ 
saturated compounds are of the addition type and may be explained by 
a common mechanism. Addition appears to be initiated by a polarization 

of the double bond, which may be represented by or simply 

HjCrzrrCHg. Such 3. displacement of an electron pair is called an elec¬ 
tromeric displacement and is facilitated by the close approach of positive 
ions or polarized molecules. As a result of this displacement one pair of 
electrons from the double bond becomes available for addition. In other 
words, the molecule becomes activated as a result of the electromeric shift. 
The shift must either precede or occur simultaneously with the addition. 
Multiple bonds are necessary for this effect to operate. Reactions which 
depend on an electromeric shift are often called “ionic reactions.’' The 
positive and negative poles resulting from the shift of an electron pair 
may then undergo addition with other free poles which are opposite in 
sign. The olefin linkage adds many electrophilic reagents, such as the 
halogens, hydrogen halides, sulfuric acid, and hypochlorous acid. Elec¬ 
trophilic or electron-seeking reagents furnish electron-poor ions (cations) 
which acquire electrons a share in electrons belonging to some other 
atom or ion. 

The addition of bromine to ethylene may be represented as follows: 

H2^:CH2 + :Br:Br: —► BrCHzzCHa + :Br: —» BrCHarCHaBr 

carbonlum Ion ’ ethylene bromide 

or 

H 2 C^CH 2 -h Br-*Br —►BrCH 2 -CH 2 + Br —► BrCai2CH2Br 
- + + - 

The course of the reaction involves the primary entry of a positive 
halogen with the formation of a carbonium ion (positive charge on car¬ 
bon) which then combines with the negative bromide ion. This course 
is in accord with the observation that l-chloro-2-bromoethane is formed 
from ethylene and bromine in neutral sodium chloride solution (8). 
£thyle{ie bromide is formed also, but no ethylene chloride. Chlorine adds 
most readily to the olefins, and iodine least readily. 

Support for the primary entry of a positive halogen is found in a 
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kinetic study made by Bartlett and Tarbell (9). They investigated the 
reaction of stilbene with a methyl alcohol solution of bromine: 


C6H5CH=CHC6H5 


OCH 3 

^C6H5CHBr-CH>C6H5 
stilbene metboxybromlde 



C 6 H 5-CHBr-CHBr-C 6 H 5 
stilbene bromide 


The methoxybromide is the chief product. The kinetic data obtained by 
these authors show that the reaction can be represented satisfactorily 
only as follows: 


-f — 

C6H5CH = CHC6H5 4 - Br-Br-► CsHsCHBr-CHCdHs + Br 


C6H5CHBrCIterC6H5 



It was concluded that methyl hypobromite was not responsible for the 
formation of the methoxy compound. 

It is unlikely that bromine ionizes into positive and negative ions and 
therefore a positive bromine ion can scar^ly initiate the reaction. How¬ 
ever, the halogen molecule acts as an electySphijic reagent. The evidence 
for a two-step reaction with the initial addition^of a positive halogen 
appears to be conclusive. Additional evidenjce^fo/ the manner in which 
bromine adds to olefin bonds will be found on page 2()5. 

At high temperatures the alkenes react >vith chlorine or bromine to 
form substitution products. It is probable that these reactions are similar 
to the thermal halogenation of the alkanes^ and involve the formation of 
free halogen atoms: 

CH 2 =CH-CH 3 -f Cl* “►CH 2 =CH-'CH 2 - + HCl 
propylene 

CH 2 =CH~CH 2 ‘+ Cl 2 —►CH2=CH-CH2C1 4 Cl* 

allyl chloride 

It is interesting to note that substitution occurs only above certain 
temperature limits and below these limits the main reaction is addition 
(10). This indicates that primary dissociation of the halogen molecule 
is necessary for substitution. 
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Isolated olefin bonds, in general, show little tendency to undergo 
hydrogenation with atomic hydrogen (H-). Molecular hydrogen is inac¬ 
tive also except in the presence of a catalyst such as Pt, Pd, or Ni. It is 
probable that the catalysts function as electrophilic reagents and thus 
assist in the formation of a cation, the latter serving to initiate addition 
to the double bond. This may be shown as follows: 

H2^CH2 + H->H.Pd —► CH3CH2 + H-.Pd-^^3^3 + Pd 

The addition of hydrogen halides to ethylene may be shown in a simi¬ 
lar manner: 

O + - 

H 2 C=CH 2 -f H-^Br —►H 3 C-CH 2 -4- Br —►CH 3 CH 2 Br 

“ + + - ethyl hromlcle 


The hydrogen bromide although not ionized in the absence of an ionizing 
solvent is a polarized molecule. Polarization effects are observed in nor¬ 
mal covalences between atoms of unequal electronegativity. Thus bro¬ 
mine being more electron attracting than hydrogen pulls the bonding 
pair of electrons closer to itself and away from hydrogen. This inductive 
effect creates fractional electrical charges on the hydrogen and bromine 
atoms. The magnitude of the inductive effect is determined by the elec¬ 
tron-attracting power of the atom or group in question and may be 
estimated from the relative positions of the elements in the periodic 
table. In general, atoms or groups may be divided into two classes: (1) 
those which attract electrons more than hydrogen does and consequently 
are said to be electron attracting; and ( 2 ) those which have less attrac¬ 
tion for electrons than hydrogen does and are said to be electron-releasing 
atoms or groups. 

In the above reaction the olefin may be regarded as a proton acceptor 
(base). An electron pair is made available, as the result of an electro¬ 
meric shift, for the acceptance of a proton. The addition of a proton to 
the negative carbon atom forms a C—H bond which is less polarized in 
character than the H—Br bond and hence should have less tendency 
to regenerate a proton. It should be noted, however, that in the result¬ 
ing carbonium ion the electron attraction of the electron-deficient carbon 
atom is powerful enough to induce ionization of an adjacent hydrogen 
atom: 


H 

C 


H 

CH2'-CH2j 


H2C=CH2 + H + 


The initial addition of a proton to an olefin bond is probably reversible 
even though it is believed that the bromide ion adds extremely rapidly 
to the carbonium ion. 





The carbonium ion mechanism is commonly accepted for the normal 
addition of hydrogen halides to olefins when carried out in ionizing 
solvents such as acetic acid. Mayo and Katz (11) have recently confirmed 
the fact that the course of reaction is more complex in the absence of an 
ionizing solvent. Their work indicates that the addition of hydrogen 
chloride to isobutylene in heptane as a solvent is of third order with 
respect to hydrogen chloride and first order with respect to isobutylene. 
In other words, it appears that three moles of hydrogen chloride and one 
mole of isobutylene are involved. In the presence of catalysts, such as 
traces of water or phosphoric acid, the reaction appears to be second 
order. Under the influence of these catalysts, the type of addition appears 
to be the same as that already noted for the addition when carried out 
in ionizing solvents. The catalysts probably function by facilitating the 
separation of charges. More information is necessary before the addition 
of hydrogen halides to olefins, under various conditions, can be ade¬ 
quately presented. The simple mechanism given above is to be considered 
as applicable only when the reactions are carried out in ionizing media. 

The addition of hydrogen bromide to an unsymmetrical olefin, such 
as propylene, is controlled by the way in which polarization of the double 
bond occurs: 


CH3-^CH^CH2 -f H-^Br 
- 4 - 


—►CH3CHBrCH3 
isopropyl bromide 


It has been stated that alkyl groups (compared to hydrogen) are electron- 
release groups and consequently the displacement of the electron pair 
should be to the right in the above example. Such a postulate would pre¬ 
dict that the tendency would be even more pronounced in the case of 
isobutylene: 


CH3 

CH3-»-C^H2 + H-.Br 
+ - + - 


9H3 

—♦ CH3-CBr-CH3 
tert. butyl bromide 


In general these predictions are in agreement with experimental data. 

A possible explanation for the electron-release characteristics of alkyl 
groups lies in the fact that in the carbon-to-hydrogen bond carbon is the 
negative end of a dipole. The effect is very small because the difference 
in the electronegativities of the two atoms is very small. Such an effect 

(H->C) would tend to increase the electron density on the carbon atom 
of the CH group in propylene. Consequently the CH group tends to repel 
electrons and the electromeric displacement takes place in the direction of 
the CHg group (in the direction of lowest electron density). This expla¬ 
nation is in accord with the electron-release effects of various alkyl groups: 


IS 



CH 3 . CH 3 

i \ i 

CH3-^C-~^ > CH3~^CH-^ 

CH 3 

tert« butyl Isoprojyl 

The over-all effect thus is an accumulative one as would be expected. 

Wheland (3) has employed the concept of hyperconjugation to explain 
the manner in which hydrogen halides add to propylene. Since the dipole 
moment of propylene is quite small, it is stated that the inductive effect 
must be small and cannot account for the electron-release effect of the 
methyl group (see page 46 ). 

It should be noted, however, that the presence of peroxides may reverse 
the positions taken by the hydrogen and bromine atoms (12). For 
example, propylene in the presence of benzoyl peroxide reacts with 
hydrogen bromide to form n-propyl bromide. This reaction is believed 
to follow a radical mechanism 


> 


CH3-^CH2-^^ CH3-» 
ethyl methyl 


CH3-CH::CH2 +-Br: —► CH3-CH: CH2Br 
CH3-CH:CH2Br + HBr —►CH3CH2CH2Br + -Br: 


involving the formation of nascent bromine through the interaction of 
the peroxide and hydrogen bromide. The addition of the bromine atom 
to the CHj group rather than the CH group is not surprising in view of 
the electron-release effects noted above. The initial addition takes place 
at the position of greatest electron availability. Hydrogen chloride and 
hydrogen iodide always give the normal addition products. Hydrogen 
iodide adds most readily to the olefin bond and hydrogen chloride least 
readily. 

There is considerable published information on the effects of solvents 
on the addition of hydrogen halides to olefins, but no general agreement 
as to the nature of these effects. More data are required before any logical 
order can be established. It is commonly stated that the hydrogen halides 
in aqueous solution add less readily to olefins. Mayo and Katz, however, 
have demonstrated that water in small amounts acts as a catalyst (11). 
It has been reported that the rate of addition increases as the basicity of 
the solvent decreases. For example, the rate of addition is slower in ether 
and dioxane solutions than in hydrocarbon solvents (13). More recently 
(14) it has been shown that the addition of hydrogen bromide to propy¬ 
lene in pentane solution, in the absence of peroxides, gives the abnormal 
addition product, n-propyl bromide. The over-all picture of the effect of 
solvents in these reactions is complicated and often confusing. It is clear 
that solvents such as water, alcohol, ether, and dioxane, which act as 
proton acceptors, would exert some effect on these addition reactions: 
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h-o-h 4- H-^ci 


~ H 1 + 
H-O-H + ci 

—» -J 

tiydranlum ion 


C2H5-O-H + H-^Cl 


H 

C2H5-O-H 


+ Cl 


Qxonlum ion 


It may be said that such solvents, by iacilitating the separation of charges, 
should aid the addition reaction. Another factor, however, must be con¬ 
sidered. If the solvent is sufficiently basic, the oxonium ion may not act 
as an efficient conveyer of protons to the olefin bond and thus may 
actually retard the addition reaction. It is not possible at the present time 
accurately to predict these effects. 

Other addition reactions may also be represented by “ionic” mecha¬ 
nisms: 


ch3-ch:Q:h2 + h-^oso20h 

+ - 


—► CH3-CH-CH3 
OS020H 

Isopropyl hydrogen sulfate 


CH3-CH^H2 -+■ C 1 -» 0 H 
+ - 


—► CH3-CHOH-CH2CI 
propylene chlorohydrln 


It has been suggested by Tarbell and Bartlett that the formation of 
chlorohydrins in aqueous solution involves the following steps (15) : 

•¥ - 

^ _ + — H-K)H 

CH3~CH=CH2 + Cl-^Cl —► CH3-CH-CH2CI + Cl -► 


CH 3 CHOHCH 2 CI + H'* 


This is supported by the kinetic evidence on the bromination of stilbene 
in methyl alcohol solution. Further evidence for the primary entry of a 
positive halogen atom was obtained by treating the sodium salts of 
dimethyl maleic acid and dimethyl fumaric acids with chlorine water 
and bromine water. In both cases, halogenated j3-lactones were isolated. 
The latter were pictured as resulting from a two-step addition process: 
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CH3 CH3 


CH3 CH3 


CH3 CH3 


C = C + Cl-fCl —► Cl-C C-COO + Cl —►Cl-C — C-COO 

1 ^ 1 ^ I . II 

COO coo coo o=c — 0 


Since the /?-lactones cannot be made from the halohydrins or from 
the corresponding dihalogen derivatives, the above course of reaction 
appears to be the only one that fits the experimental data. 

The hydration of olefins in the presence of acid catalysts also involves 
the polarizable ethylene bond. It is the function of the catalyst to facili¬ 
tate this polarization and to utilize it for the addition of a proton. The 
positive charge thus introduced into the molecule may be neutralized 
by the addition of a hydroxyl ion to form the corresponding alcohol. 
Brooks and Humphrey (16) obtained an immediate formation of alcohol 
by adding ice to cold solutions of alkenes in 85 per cent sulfuric acid. 
They further noted that the corresponding alkyl hydrogen sulfates do 
not undergo appreciable hydrolysis under the same conditions. It would 
appear from this work that the formation of alcohols is not dependent 
upon the formation of alkyl hydrogen sulfates. The reaction may be 
written as follows: 


CH3 CH3 ^ _ CH3 

I - I H-OH I 

CH3-^=CH25=2’ CH3-C-CH3-►CH3-COH-CH3 + H + 

, ^ ^ , tert. butyl 

Isobutylene alcohol 

This work does not exclude the formation of alkyl hydrogen sulfates and 
their subsequent hydrolysis to alcohols, for this sequence of reactions is 
known to occur under suitable conditions. 

The polymerization of olefins induced by acid catalysts presents a 
somewhat similar problem. Again the function of the catalyst is to facili¬ 
tate the polarization of the double bond: 

+ + 

CH3-CH=: CHZ + n:^ CH3-CH-CH3 

CH 3 

CH3-CH-CH3 + CH3-CH=rcH2 -► CH3-CH-CH2-CH-CH3 

The last carbonium ion shown above may serve as an activating entity 
for the continuation of the polymerization process or it may lose a proton 
and form the dimer: 

r CH3 H i'*' CH3 

[cH3-CH-CH2-CHicH2 CH3-CH-CH2-CH=CH2 + 

4-ne thyl pent ene-1 
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In this case the carbonium ion, CH3CHCH3, is not neutralized by the 
addition of some anion already present in the solution, but rather serves 
to facilitate the polarization of the double bond in another olefin mole¬ 
cule and subsequently adds to form a new carbonium ion. The electron- 
deficient carbon atom in the Matter ion may recover an electron pair from 
an adjacent carbon-to-hydrogen bond or it may serve as an active unit 
for further polymerization. 

The controlled polymerization of isobutylene with sulfuric acid gives 
good yields of 2,4,4-trimethylpentene-l (so-called isooctene): 


CH3 

I + 

CH3-C=i:CH2 + H; 


CH3 

1 

CH3-C-CH3 


CH 3 CH 3 

I I n$ 

CH3-C-CH3 4 - CH3 -Ci=CH2 


! CH3 H 

I r' 

CH 3-C-CH 2-Ci-CH2 
CH 3 CH 3 


CH3 

I 

CH3-C~CH 2-Cr=:CH2 + 


CH. 


CH3 


Continuation of the above process would lead to polymers of greater 
molecular weight. 

The isomerization of olefins also appears to depend upon the polariz¬ 
able bond. Drastic conditions are sometimes necessary and reagents such 
as aluminum chloride are effective catalysts, although ordinary acids 
have been used in some cases. Acid-catalyzed isomerization may be writ¬ 
ten as follows: 


H 

I + 

-C-C : 

I I 


/I 

= c- + H+: 


-c-c-c- 
I I I 


H 

-c = C-C- + H^ 


The catalysts which are used to promote polymerization frequently 
promote isomerization also, thus making it more difficult to predict the 
structure of the resulting polymers. 

Throughout the discussion of additions to olefin bonds the electromeric 
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shift has been symbolized as ^=C. It should be noted that this does not 

mean that the bond is prepolarized. If it were significantly prepolarized, 
one would expect that either positive or negative ions could add first. 
Experimental evidence, however, definiteSf indicates the initial addition 
of a positive ion. Thus it would appear that the polarization of the double 
bond is the result of the close approach of a positive ion or of the positive 
end of a polarized molecule. The proximity of the positive part of the 
reagent to the polarized double bond would naturally result in its initial 
addition. It does not follow that any polarized reagent can promote the 
polarization of a double bond and subsequently add. The degree of 
polarization of the reagent is an important factor. Thus water alone 
will not add to an olefin bond although it will add in the presence of an 
acid catalyst, as previously noted. Finally it should be noted that ease of 
formation of the final addition product will depend on the relative 
stabilities of the bonds which are broken and the new bonds which 
are formed. 



CHAPTER IV 


Reactions of Alkyne or Acetylene Hydrocarbons 


The triple bond or acetylenic linkage is a covajent bond consisting of 
three pairs of electrons between two carbon atoms. For the symmetrical 
acetylenes the electrons may be considered to be shared equally by the 
two unsaturated carbon atoms. In general, additions to acetylene bonds 
are governed by the same factors involved in additions to olefin linkages. 
It is believed that the first step involves the entry of a positive ion (elec¬ 
tron acceptor) followed by the addition of an anion or electron donor. 
It should be noted, however, that the double bond between two carbon 
atoms contains more potential energy than the single bond, and the 
triple bond contains more energy than the double bond. This may be 
observed from the following heats of formation: 


C 2 H 6 , - 20.0 kcal.; C 2 H 4 , 4 - 6.9 kcal. ; C 2 H 2 ,-f 55.3 kcal 

Consequently the addition reactions to a triple bond are more highly 
exothermic. 

The addition of bromine to acetylene takes place in two steps, yielding 
first the dibromo derivative and then the tetrabromo derivative: 

HC5CH + —►BrH<?=CHBr —► Br2HC-CHBr2 

1 fS-dlbromoethene 1,1,2,2-tetrat)roiDO 

ethane 


With hydrogen bromide and an unsymmetrical acetylene, the direction 
of the polarization determines the points of attachment of the hydrogen 
and bromine atoms: 


CH3-C5CH+ H-Br 
+ - + - 


H*Br 

CH 3 -CBr = CH2-►CH3-CBr 2 -CH 3 

2-broroopropene 2,2-<llhroinopropane 


The direction of polarization is determined by the same factors noted 
for the olefin series. One new factor appears in 2-bromopropene, namely, 
the presence of the bromine atom. The bromine atom being an electron- 
attracting group might be expected to exert an inductive effect which 
would oppose the displacement of electrons in the opposite direction. 
However, when a halogen atom is attached to an unsaturated carbon 
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atom, its inductive effect is weakened. This is caused by the unshared 
electrons on the halogen, which permit resonance, thus giving the car¬ 
bon-halogen linkage a semi-double-bond character. This may be consid¬ 
ered to enhance the electron-release effect of the methyl group: 


CH3-C = CH2- 
: Br: 


■ CH3-C-CH2 

II 

+Br: 


The actual state of the system is best represented as a resonance hybrid 
of the two resonating structures. It is convenient in writing chemical 
reactions to point out in a short hand manner the resonating structures 
of the substances involved when the resonance has an important effect 
in determining the course of the reaction. To do this the resonating 
structures are often drawn connected by a double-headed arrow which 
serves as a symbol to distinguish resonance from an equilibrium of real 
and separate forms. 

Some molecules may be assigned single structural formulas which satis¬ 
factorily describe their behavior. Others, however, cannot be so formu¬ 
lated but must be represented as resonance hybrids. That is, two or more 
resonant structures (unperturbed forms) resonate with each other and 
each contributes to the state of the molecule, the contribution of each 
resonant structure being dependent on its stability. Only in those cases 
where the resonating forms are nearly or completely equivalent (each 
having the same or about the same energy) will the forms be in complete 
resonance. Resonance involves modification of the electronic dispositions. 
The resonating structures differ only with respect to the positions of 
electrons, the arrangement of the atomic nuclei remaining the same. 
Molecules gain stability through resonance and the smaller energy of 
the resonance state leads to its formation in all cases where the conditions 
necessary for resonance are satisfied (3). The resonance energies of a 
large number of organic compounds have been determined from heats 
of hydrogenation and from heats of combustion (3). 

The resonance noted in the above molecule produces a shortening of 
the carbon-bromine bond length. Interatomic distances may be reliably 
obtained from spectroscopic measurements and from X-ray and electron 
diffraction patterns. In general the distance between any two given 
covalently linked atoms is reasonably constant providing the covalence 
is of a definite type (single, double, or triple). In the above example, 
2-bromopropene, it was stated that the carbon-to-halogen linkage pos¬ 
sessed a semi-double-bond character. This is supported by the fact that 
the carbon-to-bromine bond length is shorter than the C—Br bond length 
in an alkyl bromide. 

The hydration of acetylene and its homologs in acid solution, in the 
absence of mercury salts, probably follows a mechanism similar to that 
given for olefins: 
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4* — 

HC = CH -f Hif=±lH 2 C=Cg-►H 2 C-CH 4 . H4=tCH3C=0 

q5.h acetaldehyde 


The last step in the reaction involves a tautomeric shift. This is discussed 
later under the aldehydes and ketones. The hydration of acetylene to 
acetaldehyde by dilute acids is greatly facilitated by the presence of mer¬ 
cury salts. This may be attributed to the electrophilic nature of mercuric 
salts. 

The polymerization of the acetylene hydrocarbons as a group has not 
been as widely studied as the polymerization of the olefins. Two well- 
known examples are the dimerization of acetylene to vinylacetylene 

f\ 

H-CEC-H + H-#C=C-H-►CH 2 =CH-.C=CH 


and the trimerization of acetylene to benzene. The former takes place 
under the influence of certain copper salts. The polarization of the acety¬ 
lene linkage may be induced by the close approach of a cation or possibly 
by complete coordination with a cation. The trimerization to benzene 
occurs at elevated temperatures and may involve a 1,4- addition of acety¬ 
lene to vinylacetylene (see reactions of the dienes). 

A distinguishing characteristic of acetylene hydrocarbons, containing 
the ~CH group, is their ability to form salts (acetylides) with the alkali 
metals. It has been suggested that the ease with which such a hydrogen 
is replaced may be accounted for by the fact that the carbon atoms in 
acetylene lie closer together than the carbon atoms in ethylene and in 
ethane. The interpenetration of their fields may intensify the positive 
fields of each and the resulting enhancement of the kernel charge would 
permit the hydrogen to separate more readily. The acetylides may be 
regarded as the salts of very weak acids since the alkali metal acetylides 
are completely hydrolyzed by water: 

H-C=C Na + H-^OH-►H-CEC-H + NaOH 

The alkali metal acetylides are useful reagents for the preparation of 
other acetylenic compounds. Thus, when sodium acetylide is heated with 
/carbon dioxide under pressure, the sodium salt of propiolic acid is 
formed: 


H-C EC Na + 0=rC=0- 

+ - 


^H-CE C-C~ ONa 


SI 



Acetylene also reacts like an acid towards alkyl magnesium halides 
(Grignard reagents, see page 59) forming hydrocarbons and HC=CMgX 
or XMgC=CMgX: 


H-C=C4.H + R^MgX-►RH 4. HCECMgX 

This reaction simply represents the displacement of a weak acid from 
its salt by the action of a stronger acid. In this case acetylene is a stronger 
acid than the RH. The acetylenic Grignard reagents can be used in the 
usual Grignard syntheses. 



CHAPTER V 


Reactions of Conjugated Diolefins or Dienes 


Additions to accumulated or isolated diene systems occur, in general, 
according to the mechanisms already given for the olefin hydrocarbons. 
However, many observations have indicated that addition to a conjugated 
diene, such as butadiene, may result in the formation of either the 1,2- or 
1,4‘ addition product. In many cases the 1,4* derivative is the principal 
product. Burton and Ingold (17) suggested the following scheme for 
the addition of bromine to butadiene under conditions which permit 
ionization (in acetic acid for example): 

CH 2 = CH-CH=CH2 + Br-^Br-►CH 2=CH-CH~CH 2Br -f Br 

■f - -h - + 

The first step is represented as the addition of only one bromine. The 
positive ion which results is a resonating structure and may be written 
as follows: 


[CH 2=CH-CH-CH -►[CH 2-CH=CH-CH 281^ 


The subsequent addition of the bromide ion may then produce the 
1/2- or 1,4-dibromo compound and the ratio of the isomers formed will 
probably depend upon their relative stabilities: 

CH 2 = CH-.CH-CH 2 Br CH 2 = CH-CHBr- CH 2 ~Br 

_ 3,4-dlbroinobutene-l 

4- Br-► 

CH2-CH = CH-CH2Br CH2Br-CH= CH~CH2Br 

1,4-<l Ibromobutene -2 

It is interesting to note that in a nonionizing solvent, such as hexane, 
the 1,2-dibromo derivative predominates, and it may be assumed that 
under these conditions addition proceeds as with a single double bond: 


CH 2 = CH-CH = CH 2 + Br-^Br-►CH2=CH-CHBr-CH 2Br 

The addition of a second molecule of bromine to either dibromo com¬ 
pound yields 1,2,3,4-tetrabromobutane. 
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The above theory, as will be seen in later reactions, has been of value 
in interpreting various addition reactions to conjugated systems. There 
are some reactions, however, which do not appear to be explained satis¬ 
factorily by this mechanism. For example, in the absence of oxygen and 
peroxides and in the presence of an antioxidant, butadiene undergoes 
1,2- addition with hydrogen bromide (18). Furthermore, this addition 
product, under the influence of hydrogen bromide and peroxides, rear¬ 
ranges to the 1,4- addition product. 

The polymerization of butadiene and its homologs undoubtedly pro¬ 
ceeds by way of a radical chain mechanism. In general, the reagents which 
promote polymerization function through their ability to form free radi¬ 
cals. Diene polymerization may be shown as follows (19): 


CH2- CH-CH= CH2 + R‘ -► RCH2-CH~CH-CH2* 


RCH2-CH:r CH-CH2- + CH 2 = CH~CH ~ CH 2 -► 


RCH 2 -CH = CH-CH 2 -CH 2 -CH CH-CH 2 * etc. 


The reagent is believed to initiate the reaction. The newly formed hydro¬ 
carbon radical can then activate another diene molecule and the chain 
continues to grow through a series of 1,4- additions (linear polymeriza¬ 
tion) . The chain may be terminated by the combination of two free 
hydrocarbon radicals. It is probable that the hydrocarbon radical can 
transfer its activity (its unpaired electron) to other carbon atoms in the 
chain, thus giving rise to branched chains and cross linkages to some 
extent. Continuation of the above process finally leads to the formation 
of a high molecular weight, rubberlike polymer. 

The Diels-Alder reaction is another example of 1,4- addition. The essen¬ 
tial reaction is the addition of two unsaturated molecules, one of which 
contains an active double or triple bond and the other a conjugate system 
of double bonds, the first uniting with the second by 1,4- addition to the 
conjugated system: 
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The result of such an addition is a cyclization yielding a partially hydrog¬ 
enated 6-atom ring. The reaction requires that the double or triple 
bond be activated, as by the presence of an electron-attracting group in 
the adjacent or a- position. The carbonyl group, — C—Q , and cyanide 
group, —C^N, are examples of electron-attracting groups. In the ab¬ 
sence of such activation, reaction may not occur or will take place much 
less readily. 

In some cases the reactions are spontaneous, rapid, and exothermic. 
In general they are carried out at 25^—150^ C., the time varying from 
several hours to several days. Solvents are not always needed, but may 
be ether, benzene, toluene, xylene, or ethyl alcohol. 

It may be assumed that it is the activated double bond which initiates 
the reactions in most cases, since when it is not activated the additions 
occur less readily or not at all. The reactions apparently take place most 
readily when the double bond is most highly activated. This activation 
(polarization) would assist the electromeric shifts in the diene which 
are necessary for the addition: 
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1,2,3,6-tetrahytlrobenzaldehyde 
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3,6-endoroethylene-l,2,3,6- 

tetrahydrobenzaldehyde 


These reactions have been used to detect the presence of a conjugated 
system. The reaction is of value for such purposes only when positive 
results are obtained, for in some cases it has been found that conjugated 
systems failed to react. 

The above mechanisms suggest that the reaction takes place in one 
step. There actually is no basis for such an assumption and it could pro¬ 
ceed stepwise without fundamentally changing the mechanism: 
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The two-step mechanism shown above is a reasonable one and it gives 
a clearer picture of the nature of the activating effect of the electron- 
attracting carbonyl group on the a,)S-olefin bond. This effect is discussed 
in greater detail in Chapter XV. 
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CHAPTER VI 


Reactions of Aromatic Hydrocarbons 


Benzene presents a type of resonance which is especially important in 
organic chemistry. No single structure, using conventional valence bonds, 
provides a satisfactory representation of this molecule. The structure 
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for example, would not be consistent with the lack of chemical unsatura¬ 
tion shown by this molecule or with the lack of ortho isomers. The 
Kekul^ picture of a rapid equilibrium between two such forms 



fails because it views the substance as a mixture of two forms, and we 
should expect each to have the chemical and physical properties of a 
ring of carbon atoms with alternate double and single bonds. 

The quantum mechanical resonance theory provides a solution which 
is much more satisfactory than all of the others proposed for this prob¬ 
lem. The treatment, based on the sound principles of quantum mechanics, 
presents a consistent and striking correlation of the chemical and physical 
properties of benzene and related molecules. In this treatment the actual 
molecule is considered to be the resonance hybrid of several structures. 
Two of these structures are predominant in the resonance. These are the 
most stable conventional structures we can picture for benzene 
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which we may symbolize in a shorthand way as 



and call the Kekul^ structures. 

These structures meet the requirements for resonance. They are exactly 
equivalent in energy and are in complete resonance. Because of this, the 
actual structure is quite different from and much more stable than either 
of these two Kekul^ structures. It is just this resonance which prevents 
these hypothetical structures from being real substances. They serve 
merely as a convenient set of symbols to describe the real structure and, to 
point this out, they are often called canonical or unperturbed structures. 

These principal resonating structures differ not in the type of bonds 
they possess but in the distribution of these bonds. These covalent single 
and double bonds of the Kekul^ structures will have a small amount of 
ionic character. They are, however, normal covalent bonds, since they 
connect identical atoms, and the contribution of ionic structures such 
as the following will be small: 


+ 



and 


It will be noted that each ionic structure has a compensating one of 
opposite polarity, so that the contribution of these ionic structures does 
not upset the symmetric distribution of the electrons expected in the 
actual structure. Since these higher energy structures contribute only a 
relatively small amount to the actual structure, it is allowable and con- 
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venient to consider only the Kekul6 structures, without explicit mention 
of the ionic character of the bonds, in discussing the resonance of benzene. 

Let us examine the molecule we should expect from the resonance 
between the Kekul^ structures. The bonds joining the carbon atoms 
should be neither single nor double bonds, but all the same and inter¬ 
mediate in nature between single and double bonds although stronger 
than the average of a single and a double bond. In accord with this is 
the fact that the heats of combustion and hydrogenation are both nearly 
40 kcal. per mole less than would be predicted for the Kekul^ structures 
with three single and three double bonds. This amount of energy is the 
resonance energy of benzene. The actual bonds are thus 40 kcal. per 
mole stronger than those of a Kekul^ structure and we have thereby an 
explanation of the lack of unsaturation of benzene. 

The statement that the bonds of benzene have “one-half double bond 
character” refers to the fact that in the two Kekule structures which con¬ 
tribute equally to the resonance, any two adjacent carbon atoms are 
connected by a single bond in one structure and by a double bond in the 
other. This statement does not mean that the bonds in the actual benzene 
molecule have a nature exactly intermediate between a single and a 
double bond. Actually, the bond is considerably stronger than the average 
of a double and single bond. 

The effect of resonance on bond length is especially striking. The 

o 

separation of the carbon atoms in benzene is 1.39 A, which is less than 

o 

the single bond length in ethane, 1.55 A, and greater than the double 

o 

bond length in ethylene, 1.33 A. Again we note how different the bond 
is from an exact intermediate between a normal single bond and a nor¬ 
mal double bond. The bond length is intermediate in value, but, as 
expected, closer to the double bond value because of the resonance 
strengthening. 

The resonance theory provides a very illuminating explanation of 
many complex chemical behaviors. Many examples of the chemical effects 
caused by resonance, of the type encountered with benzene, will be dis¬ 
cussed in detail later in this chapter and in subsequent chapters. 

The addition of two hydrogen atoms to benzene destroys the resonance 
of the closed conjugated system and the addition occurs only if energy 
is supplied. The amount of heat liberated when one mole of hydrogen 
is added to an olefin varies from 28 to 30 kcal. The addition of one mole 
of hydrogen to benzene requires the absorption of about 6 kcal., thus 
raising the energy of the molecule. The additions of a second and a third 
mole of hydrogen proceed with the liberation of heat (about 28 kcal. in 
each step). 

The same effects have been noted for the di- and polycyclic benzene 
hydrocarbons. Naphthalene, for example, may be regarded as a hybrid 
of three unperturbed forms: 
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Double bonds occur between carbon atoms 1-2, 3-4, 5-6, and 7-8 in two 
of the three unperturbed forms. If all three forms are given equal value, 
the 1-2, 3-4, 5-6, and 7-8 bonds will possess two-thirds of a true double 
bond character, while the remaining bonds have only one-third double 
bond character (20). Heat is liberated in the addition of one mole of 
hydrogen to naphthalene, although the amount is considerably less than 
that for an olehn bond. The hrst mole of hydrogen gives 1,4-dihy- 
dronapthalene, which may be converted into 1,2,3,4-tetrahydronaphtha- 
lene by addition of a second mole of hydrogen. This is the typical 
behavior of a conjugated butadiene structure: 
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The latter compound contains one true benzenoid ring. The addition of 
two moles of hydrogen eliminates resonance in one ring only, and to 
hydrogenate the remaining benzene ring, energy equivalent to the reso¬ 
nance energy must be absorbed. 

Anthracene may be regarded as a hybrid of four unperturbed forms: 
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Examination of the four forms shows that double bonds occur between 
carbon atoms 1-2, 3-4, 5-6, and 7-8 in three of the forms. Each of these 


SI 



bonds approximates tiiree-fourths double bond character. The bonds 9-13, 
10-14, 9-11, and 10-12 have one-half double bond character and the 
remaining bonds have one-fourth double bond character. Chlorine reacts 
with anthracene in the cold to form 10-anthracene dichloride. This ease 
of addition at the 9,10- positions could not be predicted from a considera¬ 
tion of the Kekuld forms alone. It has been suggested that the polarization 
of the molecule brought about by the attacking reagent also must be 
considered (2). If it be assumed that the initial step in the addition 
involves an intermediate similar to that noted for addition to the olefins, 
a probable explanation for 9,10- addition may be obtained. There are 
sixteen possible ionic structures for the carbonium ion formed when the 
reagent attacks the 9 position, twelve ionic structures when the attack is 
at position 1, and ten for position 2: 



Resonance would then favor reaction at carbon 
below accounts for 9,10- addition of chlorine: 



atom 9. The form shown 



In some cases it would appear that the resonance effect of the carbonium 
ion may be the most important factor. 

Similar reasoning may be applied to phenanthrene, which may have 
five unperturbed forms: 
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A double bond occurs between carbon atoms 9 and 10 in four of the 
forms, giving the 9,10- bond four-fifths double bond character, which is 
considerably higher than the values for the remaining bonds. The 9,10- 
bond is essentially olefinic in character. The ease with which additions 
occur to aromatic ring systems varies over a wide range, as seen from the 
examples given above. 

Substitution reactions are characteristic of aromatic compounds in 
general. The term substitution is used here to mean the replacement of 
hydrogen. It is probable that such reactions involve the initial formation 
of a carbonium ion followed by the elimination of hydrogen. The com¬ 
mon substitution reactions involve the use of electrophilic reagents such 
as nitric acid, sulfuric acid, and the halogens. The approach of the sub¬ 
stituting group assists in the polarization of the ring which is necessary 
for the initial attack. The nitration of aromatic hydrocarbons is facili¬ 
tated by the presence of concentrated sulfuric acid. Cryoscopic studies 
(21fl) have shown that nitric acid ionizes in sulfuric acid solution and 
the number of particles formed for each molecule of nitric acid ap¬ 
proaches four. The niq-ic acid behaves as a base towards sulfuric acid 
and the manner in which ionization occurs has been shown to be as 
follows (21b): 


HNO3 + 2H2SO4 -►H3O + N0*2 + 2HSO4 


For discussion purposes it is better to write this equation in the follow¬ 
ing manner: 


HO-N^ + 
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From kinetic studies of the nitration of aromatic compounds in sulfuric 
acid solution (21b), it has been concluded that the active nitrating agent 

under these conditions is the electrophilic ion NO,. The reactions are 
second order and have maximum rates in Approximately 90 per cent 
sulfuric add. The rate is not altered by small amounts of nitrous acid. 
From the above data, a reasonable mechanism for the nitration of ben¬ 
zene may be written: 
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Actually the carbonium shown above is a hybrid of three ionic structures: 
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Neutralization of the positive charge is effected by the formation of a 
proton, and the chief driving force is the restoration of the resonance 
of the benzene ring. 

It should be noted that in the ionization of nitric acid in sulfuric add 
solution, two electrophilic ions are formed, I and II. There is no evidence 
at present to indicate that I is an active nitrating agent in the presence 
of sulfuric acid. In the absence of sulfuric acid, nitration proceeds readily, 
in general, only in those cases where the aromatic ring system is more 
nucleophilic in character. For example, the presence of ortho and para 
directing groups increases electron availability at the o- and p- positions 
and electrophilic agents will add more readily. Under these drcumstances 
it is possible that the nitric acid molecule is sufficiently electrophilic to 
account for the initial addition reaction. The nitrogen atom in nitric 
add possesses a fractional positive charge as a result of its attachments 
to the more electron-attracting oxygen atoms: 
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Unfortunately, nitration in the absence of sulfuric acid is complicated 
by other factors. For example, the nitration of phenol and anisole de¬ 
pends on the presence of small amounts of nitrous acid (see Chap. X). 
Until more information becomes available it is not possible to present 
a clear picture of the various nitration processes. 

Reactions of this type are frequently referred to as substitution reac¬ 
tions. Actually they are similar to the addition reactions noted previously 
for the olefins. The first step involves the addition of a positive ion to a 
polarizable double bond. This initial addition would be expected to 
take place less readily with benzene because of its resonance energy. 
Energy equal to the resonance energy must be supplied for addition to 
occur. Consequently, addition to the benzene ring may be said to occur 
less readily than to a simple olefin bond. The second step in the reaction, 
splitting off of a proton and restoration of the aromatic ring, is different 
from that usually observed for olefin addition reactions. It must be re¬ 
membered, however, that the smaller energy of the resonance state leads 
to its formation in all cases where the conditions for resonance are satis¬ 
fied. It is probable that in all so-called aromatic substitution reactions, 
the Second step involves the loss of a proton. The attraction of the elec¬ 
tron-deficient carbon atom in the carbonium ion may be considered to 
be the initiating cause of proton formation and this takes place with 
loss of energy. 

Sulfonation similarly involves the addition of an electrophilic agent 
to ttie^ring. In general, rates of sulfonation increase with increasing con¬ 
centration of the sulfuric acid and with increasing concentration of sulfur 
trioxide in fuming sulfuric acid. Where sulfur trioxide is known to be 
present, it is probably responsible for the formation of a sulfonic acid by 
direct electrophilic attack (22): 
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Whether or not sulfuric acid is sufficiently electrophilic to react directly 
with the aromatic ring cannot be answered at present. The sulfur atom 
in the acid does possess a fractional positive charge and theoretically 
might add to the ring. Such an addition would involve a temporary 
expansion of the sulfur atom’s valence shell. There is considerable evi¬ 
dence that sulfur can increase its valence shell in some cases, but there 
is no evidence available at present to indicate such a change is involved 
in sulfonation. 

Substitution of chlorine or bromine in the benzene ring is greatly aided 
by the presence of catalysts such as Fe, FeClg, and AlCl,. Such catalysts 
are electrophilic reagents and by attracting the unused electrons on one 
of the atoms in the halogen molecule assist in the formation of a positive 
halogen atom. The latter is capable of polarizing one of the carbon-carbon 
bonds in benzene and subsequently adding: 
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:C1 :C1: + FeCl3 ^ ^ Cl^Cl->FeCl3 
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chlorobenzene 

It is not necessary to postulate the formation of a free positive chlorine 
ion. Such an ion would be very unstable and its existence as a free entity 
appears to be improbable. Br-^ Cl is a more powerful brominating agent 

than Br— Br because it forms the electrophilic Br more readily. It does 
not act as a chlorinating agent. Similarly !-► Cl is a stronger iodinating 
agent than iodine (23). I-^Br is an exception since it has been reported 
to prompte nuclear bromination. Electrolysis experiments, however, in¬ 
dicate the following: 
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I-Br I -f Br 
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There is no explanation for this apparent anomaly at the present time. 

In the absence of a catalyst which promotes the formation of xi^ but 
in the presence of sunlight, benzene forms true addition products with 
chlorine or bromine. For example, under these conditions benzene and 
chlorine react to form benzene hexachloride. The chlorine molecule is 
known to dissociate under the activating influence of sunlight 
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consequently the addition reaction undoubtedly involves a radical mech¬ 
anism: 
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benzene hexachloride 


Addition of chlorine to naphthalene to form a di- or tetrachloride takes 
place more readily as would be expected. 

With alkyl benzenes halogenation usually occurs on the carbon atom 
adjacent to the ring. The photohalogenation of tpjluene, for example, 
must proceed through a mechanism similar to that already outlined for 
the chlorination of methane: 
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Continuation of the reaction leads to the formation of benzal chloride 
and benzotrichloride. 

It has been reported that the halogenation of isopropylbenzene under 
similar conditions leads to substitution in the ring. Apparently if electron 
availability is increased sufficiently in the ring the electrophilic activity 

“h — 

of the halogen molecule, C1->C1, may compete with the radical mecha¬ 
nism and may even predominate if the increase in electron availability 
is great enough. 

The Friedel-Crafts reactions may properly be called substitution reac¬ 
tions and involve an attack on the aromatic ring by a carbonium ion. 
Aluminum chloride when dissolved in ethyl chloride gives a conducting 
solution and furthermore the aluminum is found in the anion. Aluminum 
chloride is an active electrophilic reagent and its tendency to acquire an 
octet of electrons by attracting the unused electrons on the halogen atom 
is the initiating force of the Friedel-Crafts reactions: 
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Boron trifluoride behaves similarly. The electrophilic carboniu^ ion 
formed in the above reaction may now attack the aromatic nucleus: 
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ethylbenzene 


The fact that an active carbonium ion (or its equivalent CH 3 CH 2 - 4 CI 
-♦AlClg) is an intermediate for this reaction also explains the tendency 
of many alkyl halides to undergo isomerization during the course of a 
Friedel-Crafts reaction. Thus benzene and n-propyl chloride, in the pres¬ 
ence of aluminum chloride, yield isopropylbenzene. Highly reactive car¬ 
bonium ions would be expected to undergo isomerization: 
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CH3-CH-CH2 
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CH3-CH-CH2 


The ratio of the isomeric forms would be determined by their relative 
stabilities. Qualitatively the isopropyl carbonium ion may be predicted 
to be more stable than the n-propyl carbonium ion since it is more sym¬ 
metrical. That is, the electron-attracting power of the electron-poor car- 
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bon atom in CH^—CH—CH, is somewhat weakened by the fact that it is 
exerted in two directions, whereas the electron-poor carbon in CHg— 

CHg—CHg exerts all of its pull in one direction. Although carbonium ions 
have been used in formulating the above reactions, it is not necessary to 
consider them as free entities. The coordination complex, R-^X-^AlXg, 
would serve the same purpose. 

The above mechanism for the Friedel-Crafts reaction does not explain 
all of the phenomena associated with this reaction. For example, there 
is no adequate explanation for the fact that the introduction of a second 
alkyl group leads to the formation of considerable meta dialkyl benzene 
in spite of the fact that alkyl groups are predominantly ortho and para 
directing (see below). 

The reactions of acyl halides with aromatic hydrocarbons, in the pres¬ 
ence of aluminum chloride, to yield ketones may be explained in a some¬ 
what similar manner: 
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acetophenone 

In this case the aluminum chloride attaches itself to the carbonyl oxygen 
atom, which is more nucleophilic than the chlorine atom. Unlike the 
reactions with alkyl halides, these reactions require the use of at least one 
equivalent of aluminum chloride. Less than one equivalent would be 
tied up by coordination with the ketone and so would not be available 
for further use in the reaction. 
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Hydrogen fluoride may be used in plAe of i^uminum chloride in many 
organic reactions. It resembles other add condensing agents such as sul- 
furic acid and boron trifluoride. In general it appears to catalyze the 
reactions which are promoted by any or all of the above compounds and 
in many cases produces fewer side reactions. With aromatic hydrocarbons 
and alkyl halides, alkylation reactions occur. Usually only a small amount 
of hydrogen fluoride is necessary. The reaction proceeds in the hydro¬ 
carbon phase if some hydrogen fluoride is dissolved in it. The corppound 
to be alkylated must be used in large excess to avoid polyalkylation. Ter¬ 
tiary halides react readily at 0°, secondary halides at room temperature, 
and primary halides at about 100°. The similarity of these reactions to 
the Friedel-Crafts reactions suggests a similar mechanism. Hydrogen flu¬ 
oride undoubtedly acts as an electrophilic agent and serves to promote 
the reaction in the same manner as aluminum chloride: 

CH3CH2-^Br -|- H-P ^ 
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CH3CH2-»Br—-H-P II 
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The formation of carbonium ions does not appear to be essential for al¬ 
kylation, for it will be noted that in II the polarization of the carbon- 
bromine bond would be enhanced through hydrogen bonding. It is pos¬ 
sible that the fractional positive charge on the carbon atom in II is great 
enough to simulate ionization. Once the carbonium ion or its equivalent 
is formed, the reaction proceeds by the same mechanism as that sjfiown for 
the Friedel-Crafts reaction. The fact that isomerization frequently occurs 
in these reactions may indicate that carbonium ions are formed as inter¬ 
mediates. For example, benzene and n-propyl bromide form chiefly iso¬ 
propylbenzene. 

Olefins may also be used as alkylating agents under the influence of 
add catalysts. Where hydrogen fluoride is used, the reaction is carried 
out at a low temperature and the olefin is added slowly, to prevent poly¬ 
merization of the olefin. Benzene and ethylene react to form ethylbenzene. 
With propylene, however, the chief product is isopropylbenzene. 


CH3CH= CH2 + H-F ^ CH3CHCH3 + F 
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Here again the intermediate formation of carbonium ions has not been 
established with certainty and it would seem that a hydrogen-bonded in¬ 
termediate would serve the same purpose: 
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CH3CHCH3 
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It is interesting to note that cyclopropane is an effective alkylating agent 
under the influence of hydrogen fluoride and forms n-propyl derivatives. 
If the n-propyl carbonium ion is assumed to be an intermediate, it is not 
clear why it shows so little tendency to isomerize. If one assumes that 
n-propyl fluoride is the first intermediate, a possible explanation would 
be available: 
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The first step in this mechanism is supported by the fact that the cleavage 
of cyclopropane with hydrogen bromide results in the formation of n-pro- 
pyl bromide. 

The fact that the other hydrogen halides are not effective catalysts for 
alkylation reactions, under the conditions used for hydrogen fluoride, 
suggests that the latter possesses some special characteristic. Hydrogen 
fluoride is highly associated, unlike the other hydrogen halides. This as¬ 
sociation is due to the extreme electronegativity of fluorine. As a result of 
the pronounced electron-attracting power of the fluorine atom, the hydro¬ 
gen attached to it acquires a relatively high positive charge and is able to 
attract negative ions or atoms with fractional negative charges: 

H-F —-H-F 

The extreme tendency on the part of the hydrogen atom in hydrogen 
fluoride to form hydrogen bonds undoubtedly is the basis for its catalytic 
effect in the above reactions. 

The formation of ketones from acyl halides and aromatic hydrocarbons 
may also be carried out under the influence of hydrogen fluoride: 
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Some workers have shown preference for a mechanism involving the for 
mation of a free ac^l carbonium ion: 
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There is no evidence available at present that can be used to determine 
which of the two mechanisms prevails. In view of the fact that the chlo¬ 
rine atom is attached to the electron-attracting carbonyl group one would 
not expect it could be removed so readily. It seems more probable that 
the hydrogen would become attached to the more electronegative oxygen 
atom. 

Chloromethylation. This reaction represents another example of an 
acid-catalyzed alkylation and is Irecpiently used to introduce chloromethyl 
groups into aromatic hydrocarbons (24). In general the hydrocarbon is 
mixed with formaldehyde (formalin or paralonnaklehyde), a catalyst 
such as ZnClo or and the mixture heated while a stream of hydro¬ 

gen chloride is passed into the reaction mixture. In some cases where the 
ring is activated by the presence of o- and p-directing substituents, a cata¬ 
lyst is not required. The chloromethylation of benzene may be represented 
as follows: 
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A small amount of the p-di (chloroniethyl) benzene is also formed, even 
when excess benzene is used. The addition of zinc chloride to the carbonyl 
oxygen atom furnishes a carbonium ion which is capable of polarizing one 
of the bonds in the benzene ring and subsequently adding. The energy of 
formation of the new carbon-carbon bond is sufficient to overcome the 
resonance energy of the benzene ring. In the second step a hydrogen is 
split off as a proton through the attraction of the electron-deficient carbon 
atom in the ortho position. This takes place with loss of energy and res¬ 
toration of the resonant state of the benzene ring. The last step which 
involves the cleavage of a carbon-to-oxygen bond is discussed under reac¬ 
tions of the alcohols (Chap. IX). 

p-Xylene can be chloromethylated without the aid of a catalyst. In this 
case the necessary carbonium ion is formed from formaldehyde and hydro¬ 
gen chloride: 
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Chloroalkylation can be carried out with some other aldehydes. 
a-Chloroethyl derivatives may be obtained through the use of acetalde¬ 
hyde for example. More side reactions are possible when aldehydes other 
than formaldehyde are employed and consequently they have not been 
so widely used. 

The presence of an electron-release substituent (o- and p- directing) in 
the benzene ring usually makes substitution easier, while an electron-at¬ 
tracting substituent (m- directing) retards further substitution. In gen¬ 
eral, ortho and para substitution is associated with activation of the 
benzene ring and meta substitution with deactivation. The common ortho 
and para directing groups include: OH, OR, NHg, NHR, NRg, Ar, R, 
Cl, Br, and I. It is believed that such groups increase electron availability 
at the ortho and para positions and thus facilitate the attack of electro¬ 
philic reagents at these points. The first five of the above groups function 
principally through a resonance effect. In these five groups the atom 
which is attached to the ring possesses unshared electrons which partici¬ 
pate in resonance with the ring. The resulting activation at the ortho and 
para positions may be shown as follows: 
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For a dearer picture of this effect it is necessary to consider all the impor¬ 
tant forms which contribute to the net structure: 



The first two forms (Kekul^ forms) are the more stable structures, but 
all five participate in the resonance. The contribution of the ionic or 
quinoid structures causes an enhanced electron availability at the o- and 
p- positions. This contribution and its o- and p-directing effect will be 
increased by the presence of an electrophilic agent. 

Aryl groups in general are ortho and para directing. This is not ade¬ 
quately explained by assuming only an inductive electron-release effect 
on the part of the aryl radical. A possible explanation for the increased 
availability of electrons in the ortho and para positions may be based 
upon the following unperturbed ionic structures: 













Such displacements would be aided by electrophilic agents. 

Alkyl groups originally were thought to exert their directive influence 
through an inductive electron-release effect: 


CH3 CH3 



It is doubtful if the inductive effect alone is strong enough to account for 
the observed directive influence of these groups. Baker and Nathan (25) 
suggested that an electron pair uniting the carbon to hydrogen in the 
alkyl group may come under the influence of the adjacent aromatic ring 
and thus l^ome a contributor to the resonance state of the molecule: 
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It will be noted that this effect (hyperconjugation) is in the same direc¬ 
tion as the inductive effect and the result would be the strengthening of 
the ortho and para directing influence. 

It has been pointed out by Baker and Nathan that the electron-release 
effects of alkyl groups when attached to aromatic rings are in the reverse 
order 



iso 



tert. CuH9 


fAJ 


to that previously observed (where inductive effects only are operating) 


tert* CiiH 9 > iso C3H7 > C2HS 


CH3 


(B) 


If it be assumed that alkyl groups may participate in resonance with the 
ring, providing the carbon atom attached to the ring has at least one at¬ 
tached hydrogen atom, a logical explanation for the reverse order is 
available. 

It is not an easy matter to predict whether the inductive electron-release 
effect (B) or the resonance effect (A) will be predominant in any given 
case. Ingold and Taher (26) have investigated one case where the reso¬ 
nant effects were predominant. They have shown that the rates of hydrol¬ 
ysis of p-alkylbenzhydryl chlorides, (RC^H J jCHCl, vary in the order 

CH, ) C,H. ) iso C,H, ^ tert. C,H,. 

The halogens exert a directive influence chiefly through a resonance 
effect: 
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As pointed out earlier in the case of vinyl bromide, the electron-attract- 
ing properties of the halogens are less effective when they are attached 
to unsaturated carbon atoms. This is indicated by the fact that the C—Cl 
bond length is shorter than the C—Cl bond length in a saturated chloride 
such as ethyl chloride. Actually the inductive effect of the halogens would 
tend to decrease electron availability on all of the ring carbon atoms. The 
resonance effect, however, tends to lower the deactivation at the o- and p‘ 
positions. Thus the halogens direct predominantly to these positions. 

The common meta directing groups include: NH^, NOo, COOH, 
SOoOH, CHO, COR, and CN. These groups are electron attracting and 
tend to decrease electron availability on all of the ring carbon atoms 
through an inductive effect, resonance effect, or both. The decrease is 
less on the meta carbon atoms, so that substitution takes place most read¬ 
ily at these positions. As expected, meta substitution is normally much 
less rapid than ortho and para substitution. -j_ 

The most powerful of the meta directing groups, NH3, NH^R, and 

NHRj, direct almost exclusively to the meta position. Here it is impos¬ 
sible for the atom attached to the ring to increase its covalence. In this 
case it is the strong inductive power of the positive pole which causes 
the decrease in electron availability: 



The remaining meta directing groups function chiefly through a reso¬ 
nance effect, similar to that produced by OH and NHg but in the opposite 
direction. In the case of the nitro group, the nitrogen atom is the positive 
end of a dipole and its effect on the ring may be shown as follows: 
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Examination of the above structures shows that the decrease in electron 
availability is smallest on the meta carbon atoms. Electrophilic agents 
would therefore be expected to add to the meta positions where electron 
availability has been least altered. The introduction of a second nitro 
group into nitrobenzene may be shown as follows: 



NO2 



.NO 2 + H 


m- dlnltrobenzene 


The generalizations noted above for substitution in the benzene ring 
may be applied to some extent to the polycyclic condensed benzene ring 
hydrocarbons. Chlorination, nitration, and sulfonation of naphthalene 
yield chiefly a-substitiited derivatives. Since the various positions in naph¬ 
thalene are not equivalent, as they are in benzene, it is necessary to con¬ 
sider the polarization of the molecule produced by the attacking reagent. 
There are seven possible ionic structures for the carbonium ion which 
is formed when the reagent attacks position 1, anti six forms when the 
reaction occurs at position 2: 



Substitution at position 1 should therefore take place more readily than 
at 2. Substitution at the 1 position, showing only one of the resonance 
forms, may be pictured as follows: 
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CHAPTER VII 


Reactions of Alicyclic Hydrocarbons 


These compounds, with the exception of the three and four carbon 
atom ring systems, behave chemically much like the alkanes and alkenes. 
Cyclohexane, for example, is somewhat similar to the alkanes in chemical 
behavior, while cyclohexene undergoes the usual addition reactions char¬ 
acteristic of the alkenes: 


H2C CH 


“h Br-^Br 


H2C CH2 

H2 


H2C 

H2C 


CHBr 

/ \ 


CHBr 


H2 


CH2 


1,Ibr omoc yc lohexane 


The mechanisms discussed previously for additions to the olefins are 
applicable to the above type of reaction also. 

The three and four carbon atom ring compounds, such as cyclopropane 
and cyclobutane, have strained ring systems. The strain theory was first 
suggested in 1885 by Baeyer. The four valence bonds of carbon are 
equivalent and are directed towards the corners of a regular tetrahedron, 
so that the angle between any two of these bonds is the same and is 109® 
28'. Baeyer assumed that any deviation from this normal value created 
a strain with a resulting decrease in stability. According to this theory, 
the acetylene bond and olefin bond represent strained bonds and so may 
be regarded as unstable or reactive centers. The ease with which they 
react by addition may be considered as a measure of their stability. As¬ 
suming that the valence forces lie in a straight line, the valence distortion 
or displacement is much greater in the case of cyclopropane than with 
cyclobutane and is very small for cyclopentane. 

The formation of alicyclic ring systems containing more than five car¬ 
bon atoms would involve a widening of the valence angles if the carbon 
atoms were in one plane, and for very large rings would involve an un¬ 
believable stretching. Actually, the carbon rings above five carbon atoms 
are not monoplanar, and it is believed that there is little valence strain 
in these rings (27). 

The addition reactions of the olefins involve the cleavage of one of the 
bonds between the unsaturated carbon atoms. In view of the fact that 
the strain in the cyclopropane ring is similar to (although smaller than) 
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that in the olefin bond, it is not surprising that cyclopropane undergoes 
cleavage and addition with certain reagents such as bromine and hydro¬ 
gen bromide. The latent tendency to cleave may be considered to become 
active under the influence of an electrophilic reagent: 


4* 

H2C 


H2C 


XV 

^CH2 


Br-^Br 
+ - 


CH2BrCH2CH2Br 
1,3-d Ibroroo propane 


+ 

H2C 

H2C 


^CH2 


4- H-^Br 


—► CH3CH2CH2Br 
n-propyl bromide 


For alkyl cyclopropanes, the reaction with hydrogen bromide takes place 
as follows: 


R 


HC 


H2C 


x> 


-►RCHBrCH2CH3 


The bromine adds chiefly to the carbon atom attached to the alkyl group 
(28). In other words, the position of cleavage is largely determined by 
the electron-release effect of the alkyl group. The same effect was pre¬ 
viously noted as determining the direction of polarization in propylene. 
The addition of hydrogen bromide to cyclopropane carboxylic acid yields 
4-bromobutanoic acid: 


CH2BrCH2CH2C- OH 


H2C 


H2C 


\> 


-OH 4- H-^Br- 


This result too would be expected since the carboxyl group is electron 
attracting. 

Cyclobutane undergoes similar reactions but less readily, while cyclo¬ 
pentane fails to undergo cleavage and addition. 
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CHAPTER VIII 


Reactions of Halogen Compounds 

Aliphatic Halogen Compounds 


Alkyl halides, RX. The alkyl halides may be regarded as monohalo- 
genated alkane hydrocarbons. It is important to note that the alkyl 
halides, due to the electron attraction (inductive effect) of the halogen 

atom, are polarized molecules, R->X. They may be compared to metal 
halides such as NaCl where polarization is extreme so that the salt is 

ionized completely, being comprised entirely of Na and Cl ions. Although 
the polarization of the alkyl halides is not so great, it is not surprising that 
their reactions often appear to be similar to those of sodium chloride. 
Their reactions may be classed as displacement reactions of one type or 
another: 


R-X + C-►R-C + X 


In this general equation, C may represent either charged or uncharged 
atoms or groups. The energy of formation of the new linkage contributes 
in some measure to the cleavage of the old linkage. The energy necessary 
for such reactions is often less than that necessary to dissociate RX into R 
and X. Considerable evidence points to the fact that the formation of RC 
may begin before the dissociation of R—X is completed. The ease with 
which such reactions take place is related to the bond energies in com¬ 
pounds R-~X and R—C, and in general the smaller the bond energy in 
R—X the greater the tendency to react. The activity of the alkyl halides 

decreases in the order RI^ RBr^ RCl ) RF. This is consistent with 
the known bond energies C—F ) C—Cl ) C—Br ) C—I. It has been sug¬ 
gested that in addition to the inductive effect (permanent polarization) 
there is an additional effect called the inductomeric effect which operates 
through an inductive mechanism. The latter is produced only on the 
demand of polarized attacking reagents. It has been further suggested 
(29) that in the case of the halogens, fluorine, the smallest atom, will have 
the greatest control over its valence electrons and iodine, the largest atom, 
will have the least control. Hence it may be concluded that the following 

order would result from the inductomeric effect, I ) Br ) Cl ) F. In 

general then, the larger iodine atom being less tightly bound to carbon 
should exhibit the largest inductomeric effect and the fluorine the least. 

.Nucleophilic displacements. These reactions involve replacement of 
the halogen atom by a nucleophilic atom or group. Nucleophilic reagents 
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furnish electron-rich ions (anions) which may share an electron pair 
with an electron-deficient center (cation) and thus form a new bond. 
Such displacements cause the inversion of the configuration of the carbon 
atom on which they occur. This applies to all nucleophilic displacements 
on carbon. Accumulated evidence indicates that the displacement attack 
is from the back side of the molecule. In other words, the attacking anion 
approaches the center of the tetrahedral face which is opposite to the 
vertex of the tetrahedron occupied by the halogen atom. This may be 
shown as follows: 


R R 

I 

R'" 


R R 

\ / 

A-C + X 
I 

R''' 


Because of the mutual repelling actions of the X and A, the latter might 
be expected to approach the carbon atom on the side opposite to the 
halogen atom. 

The action of water on alkyl halides is greatly facilitated by the pres¬ 
ence of bases. The attacking reagent is the hydroxyl ion. The mechanisms 
for this type have been studied by Ingold, Hughes, and co-workers (30), 
who suggested two possible mechanisms: 


4* - Slew + - 

I R-^X-►R X unlmolecular 


R + OH-► ROH 


II 


OH 4. R^X- 


^ROH 4- X 


blmolecular 


It has been demonstrated that water molecules enter into the unimolec- 
ular ionization. In other words, it is a solvolytic ionization. The uni- 
molecular reaction in this case is actually polymolecular. The unimolec- 
ular mechanism would be favored by a large electron-release effect on 
the part of R. Tertiary halides undergo hydrolysis more readily than 
primary or secondary halides. The hydrolysis of a tertiary halide would 
be expected to follow mechanism I because of the electron-release effects 
of the three alkyl groups, R 34 C 4 X. It has been demonstrated that the 
rate of hydrolysis of tertiary butyl chloride in aqueous acetone or aqueous 
alcohol is the same in acid, neutral, or dilute alkali solutions and is inde¬ 
pendent of the hydroxyl ion concentration: 




(CH3)3C~^C1 


+ - 


:CH3)3C+0H 


(CH3)3C 


Cl 


(CH 3 ) 3 COH 

tertiary tutyl 
alcohol 


The hydrolysis of isopropyl halides proceeds simultaneously by the uni- 
molecular and bimolecular mechanisms, while the hydrolysis of primary 
halides, such as ethyl iodide, occurs by the bimolecular mechanism. In 
the latter case the velocity is proportional to the concentrations of both 
the alkyl halide and the hydroxyl ion: 


OH + CH3CH2-^I- 


CH3CH2OH + I 


Here the hydroxyl ion is attracted to the fractionally charged carbon 

+ ” 

atom of the C-4 I bond and the formation of the C—OH bond begins 
before the ionization of the alkyl halide is completed. The greater nu¬ 
cleophilic activity of the hydroxyl ion thus leads to the cleavage of the 
carbon-to-iodine bond. In the alkaline hydrolysis of tertiary, secondary, 
and primary alkyl halides, the electron-release effects as well as the ease 

with which hydrolysis occurs decrease in the order R3-4CX ^ 

CHX^ R-+CH,X. 

The aryl-substituted methyl halides behave in a somewhat similar man¬ 
ner. Triphenyl chloromethane, (CeH,) 3 CCl, and diphenyl chlorometh- 
ane, (C^H,) 2 CHC 1 , follow the unimolecular mechanism, while benzyl 
chloride proceeds simultaneously by the unimolecular and bimolecular 
mechanisms. 

The unimolecular displacement reactions, as mentioned previously, are 
not as simple as the equations shown above would indicate. It has been 
demonstrated recently (30ib) that the reaction between triphenyl-methyl 
chloride and methanol, in benzene solution, is actually a termolecular 
reaction, first order with respect to the halide and second order with re¬ 
spect to the methanol. It was concluded that the ionization step is the 
result of simultaneous solvating attacks on the carbon and halogen atoms 
of the C~X bond. Pyridine was used in the reaction to absorb the hydro¬ 
gen halide and make the reaction irreversible. The mechanism was shown 
as follows: 
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C6H5 


C6H5 


CH3 


o: 

/ 

h 


C—>01 

I 

C 6 H 5 


H-O-Cil 3 -► 


CH 


3 C 6 H 5 

\ 

0 —- 

/ 

H 


C 6 H 5 

'C+ + 


C 6 H 5 


Cl 


H-0-CH3 


C 5H 5 N 


CH30C(C6H5)3 -|- 

methyl triphenylmethyl 
ether 


+ - 
C5H 5NHCI 


The reaction is the result of a push-pull attack on the part of the meth¬ 
anol. The solvating attack on the halogen atom may be regarded as an 
example of the so-called inductomeric effect. This effect undoubtedly con¬ 
tributes to the rates of both unimolecular and bimolecular displacement 
reactions. 

In a more recent paper (30c), it has been shown that methyl bromide, 
which has been considered to undergo displacement reactions by the bi¬ 
molecular (direct) mechanism, also undergoes termolecular displace¬ 
ments in benzene solution. 

Methyl bromide reacts with pyridine, in benzene solution, to form 
methylpyridinium bromide. At 100° the reaction is second order: 


C5H5N: ■■ 


H H 

\ / 

— C—>Br 
I 

H 


4- — 

♦ C5H5NCH3 Br 


In this case, apparently there are no substances present which are capable 
of effectively solvating the bromide ion. In the presence of compounds 
which readily solvate halide ions, such as methanol, phenol, or mercuric 
bromide, the rate of reaction is increased and the reactions have been 
shown to be third order. The mechanism was illustrated as follows: 


55 








C5H5N: 


Br 


H-0 —CH 3 


C—♦ 

I 

H 

C5H5NCH3 + Br. H—0~CH3 


Swain (30b and c) believes that nucleophilic displacements from sat¬ 
urated carbon atoms require a push-pull attack and so are never uni- 
molecular or bimolecular. Even benzene is believed to exert a polariza¬ 
tion solvation for the halide ion. 

From this work it can be seen that the so-called unimolecular and bi¬ 
molecular displacements show only a quantitative difference. This differ¬ 
ence is due to the relative rates of formation of the new covalent bonds 
on the carbon atom in the carbon-halogen bond in primary and tertiary 
halides. It is believed to occur most rapidly in the case of primary halides. 
Consequently, the intermediates, in nucleophilic displacements with ter¬ 
tiary halides, may be considered to possess more of a carbonium ion char¬ 
acter than those from primary halide displacements. It is suggested that 
the unimolecular mechanism be called the carbonium ion mechanism 
and the bimolecular path, the direct mechanism. 

The alkyl halides when treated with alcoholic solutions of potassium 
hydroxide give quite different results. Primary halides yield mixtures of 
ethers and olefins, secondary halides yield mostly olefins, and tertiary 
halides give olefins only. For example, r?-propyl bromide yields n-propyl 
ethyl ether and smaller amounts of propylene, isopropyl bromide gives 
mostly propylene, and only isobutylene is obtained from tertiary butyl 
halides. The strongly nucleophilic ethoxide ion is the active agent in 
these reactions. The formation of an olefin by the elimination of a mol¬ 
ecule of hydrogen halide may proceed either through a unimolecular 
mechanism 


CH 

I 


3 


CH3—C—CH 
Br 


3 


tert* butyl 
bromide 


CH3 H 

I /y 

CH3—C—CH2 + Br 


OC2H5 

-► 


CH3 

CH 3 -C=CH 2 + C 2 H 5 OH 
Isobutylene 


or by a bimolecular mechanism: 
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OC 2 H 5 -►CH3-CH = CH2 + C2H5OH + Br 

propylene 

Isopropyl 

bromide 


CH3-CH-CH2 + 
Br 


The unimolecular mechanism will be favored by the strong electron- 
release effects of three alkyl groups attached to X in the case of the 


tertiary halides. The elimination of hydrogen halide from primary and 
secondary halides is believed, by some chemists, to occur mainly by the 
bimolecular mechanism. 


Since olefins only are obtained from the interaction of tertiary butyl 
halides and alcoholic potassium hydroxide, it may be assumed that the 
unimolecular mechanism promotes olefin formation. In this case the 
attraction of the positive carbon atom for electrons from the adjacent 

carbon-to-hydrogen bonds is amplified by the presence of a base (OCgHg) 
which itself would facilitate the formation of a proton. With primary 
halides, where the bimolecular mechanism prevails, the driving force 
for olefin formation is less (decreased tendency for proton formation). 
Consequently, considerable quantities of ether are formed by the replace¬ 
ment of the halogen atom with the ethoxy group. 

The interaction of alkyl halides and sodium ethoxide in dry alcohol 
(Williamson reaction) to form ethers involves a nucleophilic displace¬ 
ment on carbon: 



OC2H5 4 - CH3CH2-^I- 


CH3CH2OCH2CH3 4 I 


The reaction is of no value for tertiary halides, for the latter yield olefins. 
Nucleophilic displacements with alkyl halides are frequently accompanied 
by olefin formation. This is particularly true for the tertiary halides 
which often form olefins exclusively. This is attributed to the greater 
tendency of the halogen attached to the tertiary carbon atom to ionize, 
with the consequently greater tendency for the ionization of a j8-hydrogen 
atom. 

Other common nucleophilic displacements are those which occur be¬ 
tween alkyl halides and potassium hydrogen sulfide, ammonia, and potas¬ 
sium cyanide respectively: 
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CH 3 CH 2 -*! + SH-► CH 3 CH 2 SH + I 

thyl thloalcohol 

CH 3 CH 24 i + NH 2 -►CH 3 CH 2 NH 2 1 

ethylamlne 

CH 3 ^H 2 -»I + CN-►CH 3 CH 2 CN + 1 

ethyl cyanide 

Nucleophilic activity of anions is often approximated by comparing the 

ionization constants of the corresponding acids. Thus, OH, SH, CN, 

and NHj are more nucleophilic than the halogens. Similarly, it would be 

expected that OC^H. would be more nucleophilic than OH. 

Atom or radical displacements. These reactions may be brought about 
by atoms or radicals which possess a single unshared electron. The Wurtz 
reaction may be illustrated as follows: 


2 CH3CH2:I: + 2 Na- ^2 CH 3 CH 2 * + 2 :Na:i; 


2 CH3CH2--►CH3CH2CH2CH3 

n -butane 


There is no doubt that free radicals are formed as intermediates in these 
reactions when carried out in the gas phase (31). There is some evidence 
available which indicates that the radical mechanism also holds when 
the Wurtz reaction is carried out in solution (32). Another mechanism, 
involving the preliminary formation of free radicals, may be written for 
the reaction: 


CH3CH2:'i: + Na*-► CH3CH2- + Na;l: 

• • •• 

CH3CH 2* + Na- —♦ CH3CH 2: Na 
CH3CH24»Na + CH3CH2-^i-- CH3CH2CH2CH3 4 - Nal 


The last step consists of a nucleophilic displacement. This mechanism 
represents a definite possibility since sodium alkyls may be formed from 
sodium and alkyl halides. The sodium alkyls are saltlike in character and 

could furnish the R necessary for the displacement. 

The formation of alkyl magnesium halides (Grignard compounds) in* 





volves a similar mechanism. Grignard reagents as commonly used are 
equilibrium mixtures of an alkyl magnesium halide and a dialkyl mag¬ 
nesium: 


2 R-Mg-X R-Mg-R -f-MgXa 


Since both of the organomagnesium compounds undergo the same type 
reactions, the formula RMgX is sufficient to represent the Grignard com¬ 
pound. The interaction of an alkyl halide and magnesium may be shown 
as follows: 


CH3CH2 : i: + -Mg-► CH3CH2- + 'Mg :l:-^ CH3CH2MgI 

ethyl magnesium 
iodide 


The extent to which a Wurtz reaction may occur 


2R • -► R-R 


is usually small. 

The existence of free radicals was indicated first by Gomberg's observa¬ 
tion that hexaphenylethane dissociates in nonpolar solvents to form free 
radicals: 


(C 6 H 5 ) 3 C:C(C 6 H 5)3 2 (C 6 H 5 ) 3 C- 


All such radicals possess an unpaired electron and are electrically neutral. 
In the free methyl radical the unpaired electron is concentrated on the 
carbon atom and is available at all times to form the ethane bond. The 
greater stability of the free triphenylmethyl radical (reduced tendency to 
form the ethane bond) is attributed to resonance {$$). This resonance 
distributes the unpaired electron over the whole molecule thus decreasing 
the availability of the odd electron for bond formation: 
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The odd electron resonates among ten positions with the result that there 
are six equivalent forms with the unpaired electron on an ortho carbon 
atom and three in which it is on a para carbon atom. The degree of stabil¬ 
ization of the free radical depends, to some extent, on the number of un¬ 
perturbed forms (34). 

Di- and poly halogen derivatives. The mechanisms discussed for the 
alkyl halides are applicable in general to the di- and polyhalogen deriva¬ 
tives of the saturated hydrocarbons. However, it should be noted that 
when two or more halogen atoms are attached to the same carbon atom, 
there results a marked decrease in the activity of the halogens. It is prob¬ 
able, in the case of compounds such as 1,1-dichloroethane, that the induc¬ 
tive eflEects of the two halogen atoms oppose each other to some extent 
and thus actually cause a decrease in their individual effects. 

Monohalogen derivatives of the olefins. The reactivity of the halogen 
atom in this type of compound is often greatly altered by the presence of 
the double bond. For example, when the halogen is directly attached to 
an unsaturated carbon atom, it is characterized by a reduced tendency to 
undergo the usual alkyl halide reactions. The relative inertness of the 
chlorine atom in vinyl chloride is due to resonance between two unper¬ 
turbed structures: 


H H 

H:c::C:Cl: 


H H 


H:C:C::C1: 
- ¥ 


This theory is^upported by the fact that the carbon-to-chlorine bond 
length in vinyl%iloride is shorter than the C~C1 bond length in an alkyl 
chloride. The chlorine atom is more firmly bound to the carbon atom and 
consequently is less reactive. The corresponding iodide is somewhat more 
reactive since the iodine atom is less firmly bound. The electromeric eflEects 


of the halogens decrease in the order Cl/ Br^ I. 

It has been stated that the resonance hypothesis need not be used to 
explain the shortened carbon-to-chlorine bond in vinyl chloride (35). 
In this case it is necessary to assume that the alpha carbon atom acquires 

an added positive charge as a result of an electromeric shift, Ce=C —Cl, 


and as a consequence the carbon atom would have increased attraction 
for the chlorine atom and a shortening of the bond would be expected. 
It is diflScult to understand why the electromeric shift would take place as 
indicated above. If the chlorine atom is exerting only an electron-attract¬ 
ing eflEect, the shift would occur in the opposite direction. For the present 
there appears to be a much firmer basis for the resonance explanation. 

; When the halogen is attached to a saturated carbon atom adjacent to 
the unsaturated carbon as in allyl chloride, the halt^n is characterized 
by enhanced activity. The halogen has a greater tendency to separate as 




an anion than the halogen in n-propyl halides. This increased tendency 
is a result of the greater electron-release effect of the allyl group: 


CH2 


—•^CH2-CH = CH2 + Cl 


The cation with its electron-deficient carbon atom resonates between two 
structures 


+ + 

CH2 = CH-CH2 --►CH2-CH=CH2 


+ 

and is best represented as a resonance hybrid, CH 2 -~CH-~CH 2 . The reso¬ 
nance stabilizes the cation, decreasing its tendency to recombine with the 
anion which itself is quite stable. We see that the resonance effect thus 
reinforces the normal inductive effect of the halogen, the separation of 
the halogen atom as an anion being promoted. 

It will be noted that in any nucleophilic displacement with allyl chlo¬ 
ride, the anion of the reagent may become attached to either end of the 
allylic system, providing the unimolecular mechanism is followed: 


CH2 = CH~CH2-^C1-►CH2-CH-CH2 + Cl 

CH2-CH-CH2 4 - OH-► CH2= CH-CH2OH and HOCH2-CH = CH2 


The two possible structures are identical in this case. In other cases two 
products are often obtained: 


CH3-.CH:3CH-CH2 
crotyl chloride 


Cl' 


CH3-CH-CH-CH2 -f Cl 


CH 3- CH- CH- CH 2 + OH 


•CH3CH=:CHCH20H 


and CH3CHOHCH =CH2 


In the above example, a mixture of crotyl alcohol and methyl vinyl car- 
binol is obtained. Allylic rearrangements are quite common for com¬ 
pounds which contain the grouping —^CH=CH——. 

In olefin halides of the type RCH= (CHg) the resonance 

effects noted above are not possible, and in general the halogen atom and 
double bond act independently. 



Aromatic or aryl halides. The aryl halides resemble the vinyl halides 

I I 

in that both contain the group, —C=:C—X. The reactivity of halogen 
directly attached to an aromatic ring is greatly reduced for the same 
reasons noted for the vinyl halides. The unshared electrons on the 
halogen atom permit resonance among the following structures (for 
chlorobenzene): 


Cl 

Cl 

Cl 

Cl 

-H 

Cl 

A 

A 

A_ 

A 

II 

V 

AA 

A 

A 

V 


This effect is revealed by the shortening of the C—Cl bond length. The 
contribution of the ionic forms is small but it is intensified by the pres¬ 
ence of electrophilic reagents. 

The aryl halides, in general, react with sodium, although not as readily 
as the alkyl halides and the yields are low. Reactions of the aryl halides 
with magnesium yield the corresponding aryl magnesium halides. In gen¬ 
eral the latter reactions take place more slowly than with the alkyl halides: 

2 C6H5Br + 2Na-►C6H5C6H5-f 2NaBr 

bromobenzene diphenyl 


CaHsBr + Mg-►C6H5MgBr 

phenyl magnesium 
bromide 

An interesting method for the preparation of diphenyls has been re¬ 
ported by Kharasch and Fields (36). An aryl Grignard reagent is treated 
with an organic halide in the presence of anhydrous cobalt chloride. For 
example, when one mole of phenyl bromide is added to a mixture con¬ 
taining one mole of phenyl magnesium bromide and three mole per cent 
of cobalt chloride, an exothermic reaction takes place and good yields of 
diphenyl are formed. The diphenyl is obtained exclusively from the 
phenyl magnesium bromide since replacement of the phenyl bromide 
with /7-tolyl bromide or ethyl bromide did not appreciably alter the 
yields. The phenyl bromide, however, is responsible for the formation 
of small amounts of terphenyl and other high-boiling compounds, since 
they are not formed in the presence of ethyl bromide. 

The following radical (chain) mechanism was suggested to account for 
the observed facts: 
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- ^ /Br 

C6H54»MgBr4- CoCl C 6 H 5 C 0 CI + Mg-Cl 


2C6H5C0CI-►C6H5-C6H5 + 2C0CI 

Br 

CoCl + C6H5Br-►C6H5. + Co-Cl 


X C6H5*— —♦( C6H5) aCaHuf C 6 H 6 > etc. 

In this picture the cobalt chloride is reduced by the Grignard reagent and 
is oxidized back to its stable state by the organic halide. This mechanism 
appears reasonable in view of the following facts: (1) ArMgX does not 
react with ArX; (2) CoCU, NiCl„ and FeCl.^ do not react with ArX; and 
(3) ArMgX reacts with the above salts to form diaryls. 

The aryl halides do not react with potassium cyanide, sodium hydrox¬ 
ide, or ammonia under the usual laboratory conditions. Reactions with 
the last two reagents may be carried out by heating under pressure in 
the presence of copper or cuprous derivatives: 

2C6H5CI -f 2NH34. CU2O -► 2C6H5NH2 +CU2CI2 + HOH 

,t aniline 

The effect of the copper or cuprous ion is probably due to their electro¬ 
philic activity. Due to this latter tendency an inductomeric effect is super- 

imposed on the normal inductive effect, C-^Cl, with the resulting weak¬ 
ening of the carbon-to-chlorine bond. 

Although it is difficult as a rule to replace a halogen atom which is 
directly attached to the benzene ring, there are certain exceptions. For 
example, the chlorine in o- and p-nitrochlorobenzene may be replaced by 
heating with sodium or potassium hydroxide solutions. The electron-at¬ 
tracting nitro group, by reducing electron availability at the ortho and 
para positions, opens the way for the attack of a nucleophilic agent at 
those positions. The reactions may be shown as follows: 




^-nltrophenol 


Cl 
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In this case the halogen atom has been replaced by an anion of greater 
nucleophilic activity. The halogen atom in 2,4-dinitrochlorobenzene is 
more readily replaced, and the chlorine in 2,4,6-trinitrochlorobenzene 
(picryl chloride) may be replaced by the action of water alone. The so- 
called activating influence of the nitro group on the halogen atom is not 
transmitted to the meta position, for electron availability is not appre¬ 
ciably decreased at this position. 

When a halogen atom is attached to a carbon atom adjacent to an 
aromatic ring, its reactivity is comparable to the halogen in the allyl 
halides. This is to be expected since benzyl chloride possesses the allyl 
structure. The electron-release behavior of the phenyl group in benzyl 
chloride can be pictured as resonant: 

CH 2 *^C 1 CH 2 -IC 1 


and 
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CHAPTER IX 


Reactions of Alcohols 


The characteristic reactions of the alcohols are largely determined by 
the hydroxyl group. The properties of the latter are markedly modified 
by the nature of the carbon atom to which it is attached. The oxygen 
atom of the hydroxyl group because of its two unshared electron pairs 
may act as a proton acceptor and in this sense the alcohols are regarded 
as bases. However, it must be noted that the alcohols may also be re¬ 
garded as weak acids. The tendency for ionization 


_^ n -f 

R—O^H ^ -Rr-Ol -f* H 


is very slight, but that it is an inherent tendency is shown by the inter¬ 
action of alcohols and alkali metals: 

2C2H5OH + 2Na-^2C2H50Na + H2 
sodium ethoxlde 

This reaction takes place least readily with tertiary alcohols. The elec- 

tron-release effect of the three alkyl groups attached to the -4 0—OH 

group acts to retard the electron transfer from hydrogen to oxygen. The 
fact that the sodium alkoxides are rapidly hydrolyzed by water indicates 
that the alcohols are very weak acids. 

Many of the alcohol reactions appear to depend upon the ability of 
alcohols to act as proton acceptors. For example, the reaction with hydro¬ 
gen halides may be written as follows: 


C2H5-O-H + » 

+ - 


C2H5 


H 

I 

0 -H 


4 

Br 


C 2 H 5 Br+ HOH 


The addition of the proton, by displacing the electron system, would 
facilitate cleavage between carbon and oxygen with the formation of a 
highly reactive carbonium ion which is neutralized by the bromide ion 
to form ethyl bromide. It does not seem necessary to postulate the forma¬ 
tion of a free carbonium ion, for it is probable that the bromide ion is 
attracted to the carbon atom before the separation of the carbon-to-oxygcn 
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bond is completed. The kinetics of the reaction of hydrogen bromide 
with ethanol has been investigated by Grunwald and Winstein. Their 
data indicate that it is a second-order reaction, first order with respect 
to both C.H^OH^ and Br (37): 


C2H5-4-H 


+ Br 


C2H5Br + HOH 


In this case it can be stated that the unimolecular reaction 


H 

I 

C2H5-O-H 


slow 


-f- 

C 2H 5 + HOH 


+ - fast 

C2H5 + Br -► C2H5Br 


is followed to a very small extent if it occurs at all. The reaction takes 
place most readily with tertiary alcohols as would be expected. The elec¬ 
tron-release effects of three alkyl groups favor both the addition of a pro¬ 
ton and subsequent cleavage. The attraction of the unshared oxygen 
electrons for a proton may be considered to be the force which initiates 
this type of reaction. 

Cyclobutyl carbinol reacts with hydrogen bromide to form largely 
cyclopentyl bromide. The mechanism given above appears to be ap¬ 
plicable to this reaction and offers a logical explanation for the ring 
enlargement: 


CH 2 -CH-CH 2 OH 

I I 

CH 2 --CH 2 


4 - 

H-^Br 


H 

I 

CHz-CH-CH 2->0-H 

I 1-^ 

CH 2 -CH 2 


+ Br 


CH 2-CHBr, 


CH 2-CH2‘ 


:CH2 -f HOH 
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The reaction is initiated by the formation of an oxonium ion. The elec¬ 
tron displacements, caused by the attachment of a proton, favor the 
splitting out of water and the opening of the strained cyclobutane ring 
with the subsequent formation of the more stable cyclopentane ring. 

Allyl alcohol resembles the tertiary alcohols in that its hydroxyl group 
is more readily replaced than would be expected for a primary alcohol. 
For example, when heated with hydrochloric acid it is readily converted 
into allyl chloride. The ease of this reaction may be attributed to the 
electron-release effect of the olefin bond: 


- 

CH2 = CH-CH20H + HCl 


CH2=:CH-CH2C1 



r ^ ^ 1 

r CH2 = CH-CH2-^0-H 

^ it + 

[cH2-CH=Ch3 + 
[cH2 = CH-CH^ 


•f Cl 
Cl 4- HOH 


The electron displacement, caused by the attachment of a proton, is 
reinforced by an electromeric effect on the part of the double bond and 
the carbon-to-oxygen bond is more readily cleaved. The carbonium ion 
resonates between two structures and thus is stabilized. The addition of 
the chloride ion to either structure leads to the formation of only one 
end product. This can be seen more clearly by using the symmetrical 
resonance hybrid: 

CH 2 -CH-CH 2 + Cl-►CH2=CHCH2C1 


Two products may be obtained from other alcohols of the allyl type, 
such as buten-l-ol-3: 


CH2== CH-CH-CH3 + Sir 
OH 


^ n+ 

CH2 = CH-CH-CH3 

I 

H-O-H 


+ Br 


CH3-CH=CH-CH2Br ••— 
l-bromot)utene-8 
crotyl bromide 

CH2=CH-CHBr-CH3 ^ 
3 -broroobutene-l 


jcH2-CH = CH-CH3j^ 

r ' T 

|CH2= CH-CH-CH3 


+ Br + HOH 
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Crotyl bromide is the main product. The resonance hybrid in this case 

_ -f 

is not symmetrical, CH.^—CH—CH—CH.., and the reaction with the bro¬ 
mide ion can form two addition products. 

The aromatic alcohols, in which the aryl group is directly attached to 
the carbon atom holding the hydroxyl group, resemble allyl alcohol in 
some respects. For example, benzyl alcohol reacts readily with hydro¬ 
chloric acid to form benzyl chloride: 


C6H5CH20a + HCI5=± 



IC6H5CH24O-H 


+ Cl :i=t 


C6H5CH2CI + HOH 


As in the case of allyl alcohol, the electron displacement caused by the 
attachment of the proton is reinforced by the electron-release effect of 
the benzene ring with the consequent cleavage of the carbon-oxygen bond. 
The resulting carbonium ion is stabilized through resonance: 



Triaryl carbinols dissolve in concentrated mineral acids with the for¬ 
mation of highly colored salts. With triphenyl carbinol, concentrated 
sulfuric acid is necessary to effect conversion to the salt. Tri- (p-methoxy- 
phenyl) carbinol, however, forms a halochromic salt with concentrated 
hydrochloric acid. The electron-release effects of the methoxy groups facil¬ 
itate the reaction: 

(^-CH30C6Htt)3C0H + HCl ?=t|7^_CH30C6H4) Cl + HOH 


These salts may be isolated in some cases as highly colored crystalline 
compounds. The perchlorates are especially readily obtained. The for¬ 
mation of such salts is made possible because the carbonium ion is a 
resonance hybrid and is stabilized by considerable resonance energy. In 
the unperturbed structures the positive charge may be located on the 
ortho or para carbon atoms in the benzene rings or on the methane car¬ 
bon atom. Two of the structures for the cation from triphenylcarbinol 
may be written as follows: 



(C6H5)2C=: 


(C6H5)3C 


There would be ten possible structures, nine of which would contain an 
ortho or para benzoquinoid unit. 

The so-called dehydration of alcohols to form either olefins or ethers 
involves similar mechanisms. The conversion of alcohols into olefins by 
the catalytic action of acids, such as sulfuric or phosphoric acid, does not 
depend upon the catalyst’s affinity for water, for the reaction may often 
be effected with dilute acids. These catalysts function through their pro¬ 
ton-donating properties: 


CH 3 CH 2 OH + H-^0S020H 
4- - 


H 


H 

I 


H2CiCH2^0-H 


OSO 2 OH 


4 * — 

H 2 C=CH 2 + HOH ■+ H + OSO 2 OH 


It is not known whether the cleavage of the carbon-oxygen bond and the 
elimination of a proton occur simultaneously or whether an intermediate 
carbonium ion is formed which then loses a proton to give an olefin: 


- 14 - 


H 

CH2-CH2 


H2C = CH2 + 


The latter mechanism would be more apt to prevail in the case of ter¬ 
tiary alcohols. In either event the, driving force for the elimination of 
the proton would be the same, namely, the adjacency of a positively 
charged carbon atom with its attraction for the electron pair in the 
carbon-hydrogen bond. Olefin formation is facilitated by increase in 
temperature. 

The reaction in certain cases may proceed through the formation of an 
alkyl hydrogen sulfate: 


? ^ ^ 
CH3CH2^0-h1 0 


OSO 2 OH 


H 

HOH -f H2C^CH2-^S020H 

+ 

H2C=CH2 + H + OSO 2 OH 



Here the stability of the anion, OSO2OH, may favor the elimination of 
this ion with subsequent elimination of a /^-hydrogen and formation of 
the olefin. Dehydration occurs most readily with the tertiary alcohols for 
the reasons noted previously. 

The preparation of ethers from alcohols, by the sulfuric-acid process, 
must be carried out in the presence of excess alcohol lor ether formation 
to be favored over olefin lonnatioii. In the case of tertiary alcohols, only 
olefins result regardless of conditions. This is in accord with the facts 
noted above. The same oxonium cations are involved in the preparation 
of ethers as those which are formed in the course of olefin formation. The 
reaction may be shown as follows: 

H 

I 

CH3CH2 0-H 

CH3CH2-O-CH2CH3 + HOH + H 


+ CH3CH2O H 


Here again it is not necessary to assume the formation of an intermediate 
carbonium ion, for the various steps may occur simultaneously, that is, 
the ethoxide group may start to add before the cleavage of the carbon- 
oxygen bond is completed. It is possible, however, that ether formation 
does take place to some extent through the formation of an intermediate 
carbonium ion. 

CH3CH2+ CH3CH20^“ H CH3CH2OCH2CH3 + H 


The formation of some olefin is observed in these reactions even when 
primary alcohols are used. Only olefin formation is observed when ter¬ 
tiary alcohols are employed. A possible explanation for the behavior of 
tertiary alcohols lies in the fact that the hydrogen atom in the hydroxyl 

group is relatively inactive. The reaction between 
— -f* 

R 3 C 04 ~H might be expected to be retarded or prevented and olefin 
formation would be favored: 

CH 2-H 

H 

I I 

CH3~C -►O-H 

CH3 

Alkyl hydrogen sulfates are not essential intermediates for ether for¬ 
mation, although they may serve as intermediates in some cases. Van 


CH3 

I + 

CH3-C = CH2 + HOH 4. H 
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Alpen (38) has shown that hydrochloric acid is an excellent catalyst for 
ether formation at 150°-160°. He further noted that ethyl alcohol and 
ethyl chloride do not react to form ether under these conditions. In this 
case an alkyl salt is definitely eliminated as an intermediate and the above 
mechanism must prevail. 

The vapor phase dehydration of alcohols, accomplished by passing 
the vapor of the alcohol over a heated catalyst such as aluminum oxide, 
probably follows a similar course. Here the same series of reactions may 
be initiated by the formation of a coordinate linkage between the alumi¬ 
num atom and the oxygen atom of the alcohol group. 

The reactions between alcohols and carboxylic acids to form esters 
are reversible, acid-catalyzed reactions. They are somewhat more com¬ 
plicated than those noted above. Any mechanism to be of value must 
account for the fact that primary alcohols are most readily esterified and 
tertiary alcohols least readily; and for the fact that the hydroxyl group 
from the acid and the hydrogen from the alcohol group unite to form 
water. The mechanism suggested by Lowry appears to be in accord with 
these known facts (39) : 

0—H 0—H 

I + I 

CH3C=0 + H CHjC —0 —H. 


0-H 

I 

CH 3 C-O-H -h C 2 H 5 O 

-I- — 


0 

// 

CH3C-OC2H5 + HOH 
ethylacetate 

The ionization of a carboxylic acid would be repressed in the presence of 
an acid catalyst such as sulfuric acid or hydrogen chloride, and it may 
be assumed that its ketonic character might be enhanced. The addition 
of a proton to the carbonyl group of the acid creates the necessary polari¬ 
zation for the reaction with CgH^OH with the resulting formation of the 
mono ethyl ester of orthoacetic acid. The latter then loses water to form 
the normal ester. If this mechanism were applicable to tertiary alcohols, 
one would expect a greatly retarded rate of reaction. As stated previously 
the electron-release effects of the three alkyl groups in aliphatic tertiary 
alcohols act to retard the electron transfer from hydrogen to oxygen. 


0-H 

*- H CH3C?0-H + H 

" I 

OC 2 H 5 
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There is evidence available which indicates that in the esterification of 
tertiary alcohols the hydroxyl group from the alcohol and the hydrogen 
from the carboxylic acid split out to form water (40). This suggests a 
mechanism for this particular type similar to that given for the action 
of hydrogen halides on alcohols. It should be noted that the conditions 
necessary for direct esterification often are suitable for the formation of 
olefins and ethers and hence these products may also be formed. 

The oxidation of primary and secondary alcohols appears to involve 
radical mechanisms. The reactions are complicated and mechanism 
studies in general have not been very successful. Recent papers by Waters 
(41) have reviewed the older experimental work and added much that 
is new. It is not possible at the present time to formulate mechanisms 
for these reactions. 

In general, the mechanisms outlined above may be applied to the 
di- and polyhydric alcohols, although the reactions may be complicated 
by the presence of more than one hydroxyl group. The formation of 
1,4-dioxane from ethylene glycol by heating with sulfuric acid is a famil¬ 
iar example. Dioxane may be regarded as a cyclic ether and its formation 
may be explained by the ether mechanism: 


+ _ 

HOCH 2 CH 2 -O-H + H 5=5 


H 




H0CH2CH2-0~HJ 


H 

I 

H0CH2CH2-^0 


HOCH 2 CH 20^H-^HOCH 2 CH 2 ^ 

~ ''o + H + HOH 

HOCH 2 CH 2 '" 

( 11(13 -hydroxye thyl) e ther 


Continuation of this process would yield dioxane: 


^CH2-CH2^ 

0 0 
^CH2-CH2'^ 

An interesting rearrangement occurs when the tetra alkyl substituted 
ethylene glycols (pinacols) are heated with acids. In the true pinacol 
rearrangement both hydroxyl groups are tertiary. Where a dilute acid 
such as dilute sulfuric acid is used, the effective catalyst is the hydrogen 
ion: 


n 



CH3 CH3 

I I + 

H -0 - C — C-O-H + H 
I t 
CH3 CH3 
plnacol 


CH3 CH3 H 

i ' 


H- 0 - C 


0 -H 


CH3 CH3 


0 

CH3- C-C(CH 3)3 +H 4 - HOH 
plnac clone 

The displacement of the electron system induced by the addition of a 
proton facilitates cleavage of the carbon-oxygen bond. Whether a car- 
bonium ion is formed as an intermediate or whether the migration of a 
methyl group with its bond electrons and the expulsion of a proton 
from the beta hydroxyl group occur simultaneously with the cleavage is 
not known. In either case the fundamental cause of the rearrangement 
remains the same. After the addition of the proton, the electron dis¬ 
placement away from the alpha carbon leaves it with a fractional positive 
charge or with a free positive charge if cleavage occurs. The positively 
charged carbon atom then may be considered to be the primary cause 
for the migration of the methyl group and the formation of a proton. 
It is not necessary to assume that the methyl group migrates as a free 
ion, for it is probably attracted to the alpha carbon atom before its 
cleavage from the beta carbon atom is completed. 

It is obvious from the scheme given above that the group migration 
might proceed in either of two directions. It is possible that either hy¬ 
droxyl group might be eliminated. In the case of tetramethyl ethylene 
glycol the end product would be the same regardless of the direction of 
the change. With unsymmetrical pinacols, the separation of the hydroxyl 
group will occur from that carbon atom which is attached to groups hav¬ 
ing the greatest electron-release tendencies. The relative ease with which 
various groups can migrate is also an important factor in determining 
the nature of the end product. 

In cases where concentrated sulfuric acid is used to promote the re¬ 
arrangement, it is possible that the corresponding hydrogen sulfate may 
be an intermediate, although this does not change the fundamental 
mechanism: 


R R 0 

Hlolc-C OSO2OH-► R-C-CR3 + H -f OSO2OH 

I I 

R R 
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Secondary glycols under similar conditions are converted to aldehydes 
(hydrobenzoinic change): 


CeHs C6H5 



H H 


hydrobenzoin 


OH 


H 

♦ ( C6H5 ) ZCHC- 0 + HOH 
d1phenylacetaIdehyde 


When the glycol contains one secondary and one tertiary alcohol group, 
two types of rearrangement are possible, although the second reaction 
shown below is more likely to occur: 


R R 
HlO-C-C 


R H 


0 

OH -►R-C-CHR2 + HOH 

semlplnacollnlc change 


R R 

HO^ C-C-OIh 

I I 

R H 


H 

I 

-► R3C-C = 0 + HOH 

semlhydrobenzoinlc change 


These changes are dependent upon the same factors noted for the pina- 
colinic change. 

The vapor-phase rearrangement of pinacol to pinacolone in high 
yields has been reported by Emerson (42). The pinacol together with 
steam was passed over a silica-gel—phosphoric-acid catalyst at 275°—300® 
and 170 mm. Using sodium bisulfate instead of phosphoric acid, 2,3- 
diphenylbutandiol-2,3 was rearranged to 3,3-diphenylbutanone: 


Hiolc 


C6H5 C.6H5 

OH 

I I 

CH3 CH3 


C6H5 

i 

CH3-.C-CO-CH3 + HOH 

C6H5 


In an earlier paper Emerson and Agnew (43) converted styrene glycol 
to phenylacetaldehyde, using the same technique; 
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H 

I 

C6H5CH2C= 0 -h HOH 

These vapor-phase reactions are acid catalyzed and probably are best 
represented by the mechanisms given above. 
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CHAPTER X 


Reactions of Phenols: The Fries Rearrangement and 
Claisen Rearrangement 


The phenols are aromatic compounds in which the hydroxyl group is 
directly attached to the aromatic ring. There are some striking differences 
between the phenols and alcohols. For example, the phenols are more 
acidic and usually dissolve in aqueous sodium hydroxide. This increase 
in acidity is attributed to a resonance which involves the unshared elec¬ 
trons of the oxygen atom. The following are the important forms which 
contribute to the net structure: 


0 -H 



O-H 




Such a condition might reasonably be expected to facilitate the liberation 
of a proton from the hydroxyl group. In other words, the electron dis¬ 
placements away from oxygen favor the ionization of the hydrogen atom. 
The contribution of the ionic structures causes an enhanced electron 
availability at the ortho and para positions. The hydroxyl group is a 
powerful ortho and para directing group, that is, it exhibits a marked 
electron-release effect. 

It will be noted that the two Kekule structures shown above contain 

I I 

an enol group, —C=C—O—H. Unlike the simple aldehydes and ketones 
which exist predominantly as the keto forms (p. 112), phenol exists 
essentially as an enol form. The stability of the latter is due to resonance. 
Examination of the two possible keto forms 



H2 


discloses the fact that they would be only slightly stabilized by the reso- 
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nance of the contained conjugated systems. The enol form would be 
more highly stabilized by the resonance energy of the benzene ring (3). 
The monohydric and dihydric phenols, in general, do not give the 
simple reactions characteristic of keto forms. Phloro-glucinol (1,3,5-tri' 
hydroxybenzene) behaves more like a tautomeric substance. With 
acetylating reagents it forms a triacetate and with hydroxylamine a 
trioxime is formed. These facts suggest that the equilibrium does not 
favor the enol form to the extent noted for phenol: 



Ease of substitution is one of the distinguishing characteristics of the 
phenols. The rapid reaction of phenol with bromine in the absence of 
a catalyst to form 2,4,6-tribromophenol is an excellent illustration of the 
ready electron availability at the ortho and para positions. The bromina- 
tion proceeds in steps and the first step may be shown as follows: 



The first bromine atom may attach itself either to an ortho or para car¬ 
bon atom. The above electron displacements illustrate para substitution 
only. Continuation of the reaction leads to the formation of the tribromo 
derivative. The presence of one bromine atom in the ring might be ex¬ 
pected to decrease the directive influence of the hydroxyl group and thus 
retard further bromination. Actually, however, the electron-release effect 
of the OH group is much more powerful than that of the bromine atom 
with the result that the reaction proceeds rapidly to tribromophenol. 

Dilute nitric acid alone readily reacts with phenol to form a mixture 
of ortho and para nitrophenols. The nitration of phenol is catalyzed by 
the presence of nitrous acid (44). More recently it has been shown that 
under certain conditions, nitrosophenols are intermediates in the nitra- 
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tion of phenols to nitrophenols (45). Schramm and Westheimer (46) 
in 1948 reported their data on the mechanism of the nitration of anisole. 
Their work supports and extends the observations of the previous work¬ 
ers. They found that anisole reacts rapidly with 40—50 per cent nitric acid 
containing a little nitrous acid. However, anisole failed to react with 
nitric acid which contains urea. The nitration of anisole with 40 per cent 
nitric acid containing a little nitrous acid gave mainly 2,4-dinitrophenol 
with a smaller amount of /?-nitroanisole. They noted that when p-nitro- 
anisole is added to a mixture which readily nitrates anisole, it could be 
recovered quantitatively. p-NitroanisoIe, therefore, is not an intermediate 
in the nitrous acid-catalyzed nitration of anisole to dinitrophenol. It was 
further established that p-nitrosoanisole reacts readily with the nitrating 
mixture and forms the same products as those obtained from anisole 
under similar conditions. It should also be noted that when anisole was 
nitrated with 60 per cent nitric acid containing a little nitrous acid, nitro- 
anisoles were the chief products with only a trace of 2,4-dinitrophenol 
being formed. 

From the above work, it would appear that nitrosation is the first step 
in the nitration of phenol and anisole. The nitroso intermediate is then 
oxidized to the nitro compound by the nitric acid, the latter being re¬ 
duced to nitrous acid. The fact that phenol and anisole react so readily 
with small amounts of nitrous acid in the presence of large quantities of 
nitric acid, suggests that nitrous acid acts as a base towards nitric acid. 
This would explain the apparently greater electrophilic activity of ni¬ 
trous acid: 


+ 4- h"^ + + 

H-O-N - 0 +- H irrr H-O-N-O-H NO + H 3 O 

I II 


The following mechanism is based on the above assumption: 


-f 
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OH 

1 


OH 

1 



A 

+ HOH 

HONO 2 

U 

I 

V 

-► 

T 

NO 


1 

NO 2 


+ HONO 


It is possible that cation II is the active agent rather than I. 

Sulfuric acid reacts readily with phenol to form phenolsulfonic acids. 
See page .S5 for the probable mechanism of aromatic sulfonation. 

The resonance effect which explains the increased acidity of the phe¬ 
nols as well as their ease ot substitution also explains why the hydroxyl 
group is more difficult to replace in phenols than in the alcohol series. 
The over-all result of resonance is to hold the oxygen atom more firmly 
bound to carbon. Thus the hydrogen halides do not react with phenols 
to form aryl halides. In the alcohol series these reactions depend on the 
preliminary formation of an oxonium cation. The possibility of the for¬ 
mation of such an ion from the phenols is considerably reduced because 
of the decreased electron availability on the oxygen atom. 

The aldehyde group can be introduced into phenols by reaction with 
chloroform in alkaline solution (Reimer-Tiemann reaction). The fol¬ 
lowing transformations appear to be reasonably well established (47): 



C1CHC12 

- p, 



C6H5OK 

- p 



sallcylaldehyde 


Smaller amounts of p-hydroxybenzaldehyde are formed also. 

It has been suggested more recently (48) that the intermediate postu¬ 
lated above may owe its formation to the following mechanism: 
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— CHC 12 


In this case it is assumed that the potassium phenolate takes on, in part, 
the character of an organometallic compound. It is simpler, however, 
to assume that the reaction consists of an electrophilic attack by the 
chloroform molecule at those carbon atoms in the phenolate anion where 
electron availability has been increased through resonance: 




+ Cl^ 


CHCl 2 



The aldehyde group may also be introduced into phenols through the 
use of the Gattermann synthesis. In this reaction the phenol is treated 
with anhydrous hydrogen cyanide and hydrogen chloride, usually in the 
presence of zinc chloride or aluminum chloride. The hydrogen cyanide 
may be replaced by sodium cyanide or zinc cyanide. With the latter the 
passage of hydrogen chloride not only liberates hydrogen cyanide but 
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also forms zinc chloride, which acts as a catalyst. Various solvents have 
been used, such as ether, benzene, chlorobenzene, and tetrachloroethane. 
The reaction undoubtedly involves the formation of an electrophilic 
intermediate which attaches itself to the nucleophilic phenolic ring. It 
has been assumed by some that the intermediate is an addition product 
of hydrogen chloride and hydrogen cyanide: 


-h 

H-CS N + h-k:i 
+ - 


Cl-CH = NH 
r orm Im 1 iKX hi or Ide 


Such an intermediate, under the influence of the catalyst, could furnish 
the necessary electrophilic ion: 


c 


OH 



C1^-CH = NH + Aid 3 



+ 


+ Aid 4 


I 


OH 



CH =NH-HC1 


HOH 

-► 

heat 


OH 



H-C=0 


p -hydrcDcybenzaldehyde 


NH4d 


This mechanism, however, fails to explain why the hydrogen cyanide 
must generally be used in excess. It has been suggested that the necessary 
intermediate is chloromethylene formamidine and not formiminochlo- 
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ride. This could result from the addition of formiminochloride to hydro¬ 
gen cyanide. When resorcinol is used in the Gattermann reaction, 
resorcylmethylene formamidine separates from the mixture as its hydro¬ 
chloride. The latter is then hydrolyzed to rcsorcylaldehyde: 



no catalyst 

-► 


OH 



HOH 

- ^ 

heat 


CH= N-CH =NH-HC1 



0 

// 

-I- NHiiCl + H-C-OH 
formic acid 


H-C=0 


Isolation of the formamidine intermediate, in some cases, indicates the 
initial formation of chloromethylene formamidine. The latter could then 
furnish the necessary electrophilic ions for the reaction. There appears 
to be little doubt that this mechanism prevails in those cases where 
aluminum chloride is used as a catalyst. It is known that aluminum 
chloride, hydrogen cyanide, and hydrogen chloride react to form an 
aluminum chloride addition product of chloromethylene formamidine, 
A 1 C 13 *C 1 CH=N—CH=NH. It may be assumed that the latter then reacts 
with the aromatic compound by the normal Friedel-Crafts mechanism: 


C1^-CH=: N—CH = NH -f [cH=N-- CH=Niy'^ AlCl 


or Cl3Al^-*Cl-‘CH-N-CH=NH 


fie 




•f N—CH = NHf* 


II 




HOH 


heat 


CH N — CH= NH • HCl H-C= 0 



H 

-f 2NH2iCl + H—C —OH 


Mechanism II undoubtedly prevails for most Gattermann reactions 
but mechanism I cannot be ruled out entirely. For example, with poly* 
hydric phenols it is reported that the intermediates are aldimine hydro* 
chlorides and not substituted methylene formamidines. It should be 
noted that the two mechanisms are very similar as far as fundamental 
principles are concerned. Both may be regarded as special examples of 
the Friedel-Crafts reaction type. The fact that the reaction with poly- 
hydric phenols does not require a catalyst is simply explained. The 
presence of two or more hydroxyl groups would be expected to increase 
the nucleophilic activity of the ring and thus the reaction with an elec* 
trophilic agent should occur more readily. This discussion of the Gatter¬ 
mann reaction has been based largely on the experimental work of 
Hinkel and his associates (49). 

It has been suggested that the introduction of the carboxyl group into 
phenols by healing sodium or potassium phenolates with carbon dioxide 
( Kolbe reaction ! may follow more than one course (48): 
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Since carbon dioxide is known to act as an electrophilic (electron¬ 
seeking) reagent, it may be assumed to attach itself to the ortho or para 
positions. A simple mechanism may then be shown as follows: 



A similar mechanism may be written for para substitution. It is known 
that sodium phenylcarbonate may be formed in this reaction. Whether 
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it is a necessary intermediate or whether it is simply reconverted into 
sodium phenolate and carbon dioxide cannot be decided definitely at 
present. The above mechanism agrees fairly well with the experimental 
data and it may be assumed that the formation of sodium phenylcar- 
bonate is a reversible side reaction. There is no adequate explanation at 
present for the effect of the nature of the metal phenolate (Na or K) as 
well as the effect of temperature on the position of the carboxyl group 
in the final product. 

The direct esterification of phenols proceeds with difficulty. It may be 
that because of resonance the nucleophilic nature of the oxygen in ArO 
is much less than that of the oxygen atom in RO. Such a difference would 
be expected to retard direct esterification. 

Fries rearr a n g ement . This reaction involves the conversion of a phenol 
ester to an ortho or para hydroxyphenyl ketone, by treatment with 
anhydrous aluminum chloride (50). In general one mole of aluminum 
chloride is required for one mole of phenol ester: 

0 


II 

0 — C — R OH OH 



COR 


The temperature at which the reaction is carried out is an important 
factor. Low icm peratures favor the formation of fi-hyd roxy derivatives 
whil e, higher temperatures.favor the for matior^of compounds. 

It has also been shown that p-hydroxyphienyl ketones are converted to 
o-hydroxyphenyl ketones when heated with aluminum chloride. With 
certain acyl groups conversion to the p-isomer is possible but the tempera¬ 
tures for the ortho rearrangement are so high that decomposition occurs. 
In general, the use of nitrobenzene as a solvent reduces the temperature 
at which the para rearrangement takes place. 

The nature of the acyl group also plays an important role and deter¬ 
mines the ease with which the shift occurs from oxygen to a carbon atom 

O O 

in the ring, for example RC ^ ArC . This holds for both ortho and 
para shifts. 

None of the mechanisms proposed to date is entirely in agreement 
with experimental data and with accepted mechanisms for similar reac¬ 
tions. One of the previously advanced mechanisms may be shown as 
follows: 
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OCOR OAICI 2 OAICI 2 



COR 


HCl 


The chief weakness of this course of reaction is the attachm ent of the 
electrophilic aluminu m chloride, t o the pheno li c oxygen atom . The 
catalyst would be expected to be attracted to the more e lectronep^ative 
oxygen atom of the carbonyl group. The Fries reaction appears to be 
related to those reactions in wh ich est ers are used as acylating ag ents 
unde r the influjence of alum irurm^chl^ iie^.^^1^ these reactions it has been 
a^umed that a carbonium ion is a necessary int eoiiediate: 


0 0 Aid 3 

II II I 

R-C-OR + AlCl 3 5I=:^R-C0-R ^ 


0 

:r-c + 


jR0-AlCl3] 


(^0 0 -AICI 3 

^11 I 

or R-C-OR + AICI 3 R-C-OR 


Of the two carbonium ions shown above the second appears to be more 
reasonable since the aluminum chloride is attached to the most electro¬ 
negative oxygen atom. Either ion, however, can be used satisfactorily to 
explain the acylation of aromatic rings. Similar principles may be used 
to explain the Fries rearrangement: 






I 



The second step represents the attack of an electrophilic agent on an aro¬ 
matic ring. It is possible that the formation of the carbon-carbon bond 
begins before the cleavage of the carbon-oxygen bond is completed. The 
third step involves the conversion of a quinoid structure to a more stable 
benzenoid form. 

It has also been suggested that the reaction may be intermolecular and 
the acyl group in one molecule may be utilized in the acylation of another 
ester molecule (51). When p-cresyl acetate in nitrobenzene solution is 
treated with aluminum chloride, no reaction occurs in 21 hours at room 
temperature. In the presence of one equivalent of thymol, however, a 60 
per cent yield of methyl thyinyl ketone was obtained: 


0—AICI 3 


0 -C-~CH 3 CH 3 



CH3 CH(CH3)2 
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In this particular case an intermolecular acylation is indicated. Since it 
is known that the para rearrangements occur most readily at low temp¬ 
eratures, it is clear why p-cresyl acetate alone is not appreciably affected, 
for only the ortho positions are open. In the thymol ring, however, there 
is an open position which is para to the hydroxyl group, and the carbo- 
nium ion preferentially attacks this position. 

Both mechanisms I and II are acylation reactions, catalyzed by alu* 
minum chloride and involving the addition of an electrophilic center to 
a nucleophilic one. They differ in being intramolecular and intermo¬ 
lecular respectively. Neither course of reaction can be ruled out at the 
present time, but the first appears to be more probable on the basis of 
published evidence for the Fries rearrangement. 

The mechanisms shown above appear to be in good agreement with 
other observations concerning the Fries reaction. For example, when the 
cresyl acetates are rearranged in the presence of ethanol, the formation 
of ethyl acetate has been noted: 

0-AICI3 

0-C-CH3 

I + 


-j- CaHsO^H -► 

CH 3 




0 —AlCl? 

K 

C —CH 3 

I 


CH 3 

1 

OC 2 H 5 

/\ 


+ 


0 

II 


CH 3 


OH 


-f CH3C~-0C2H5 



The alcohol simply furnishes another nucleophilic center which may 
compete for the electrophilic center in the carbonium ion. It is not sur¬ 
prising, therefore, that some ester exchange occurs in this case. Similarly 
when diphenyl ether is used as the solvent, p-acyldiphenyl ethers can be 
isolated. Here is another example of a solvent which can act as a nucleo¬ 
philic agent and add to the carbonium ion: 


0—AICI 3 

I 

0 —c —R 




The presence of m-directing groups in the o- or p- position of the phe¬ 
nolic ring interferes with or prevents the rearrangement. It will be recalled 
that m-directing groups tend to deactivate the ring to which they are at¬ 
tached. Any reduction in the nucleophilic activity of the ring would 
naturally retard the rearrangement. 

The relative ease with which various acyl groups migrate must be de¬ 
pendent on the electrophilic activity of the positive carbon atoniil^ 
carbonium ion. The fact that aliphatic acyl groups apparently iii%rati$ 
much more readily than aromatic acyl groups is well establish^. Exam¬ 
ination of the aluminum chloride addition products of the phenol esters 
of aliphatic adds and aromatic adds discloses an important difEerence: 




The adjacency of the carbonyl carbon atom to the aromatic ring permits 
resonance with the ring. The aromatic ring may be considered in this case 
to be an electron source. This resonance effect acts to diminish the electro¬ 
philic activity of the carbonyl carbon atom and consequently slows down 
the migration of the group. It is possible that steric factors may also be 
important but it is impossible to evaluate them at the present time. 

Claisen rearrangement. This rearrangement also involves the cleavage 
of a carbon-oxygen bond and the formation of a new carbon-carbon bond 
(52). The reaction was noted originally for the allyl ethers of phenols 
and enols. These ethers on being heated rearrange to carbon-allyl com¬ 
pounds. The allyl ethers of phenol rearrange at about 200®: 


0-CH2”-CH=CH2 oh 



allyl phenyl ether o-allylphenol 

The allyl group migrates to the o- position if one of these positions is un¬ 
substituted in the original ether molecule. It will be noted that, in the 
rearrangement of the crotyl phenyl ether, it is not the carbon atom of 
the carbon-oxygen bond which becomes attached to the ring but rather 
the carbon atom at the other end of the allyl chain. It was initially sug¬ 
gested by Claisen that it is the y-carbon atom which forms the new bond 
with the ring. Very similar electronic mechanisms have been suggested 
by several workers: 

a y 

0 -CH 2 CH= CHCH3 OH 

O y 0 a 

— CH-CH = CH2 
OH, 

crotyl phenyl ether o-r-methylallylphenol 



M 



The fact that the unused electrons on the oxygen atom participate in 
resonance with the ring accounts for the activation of the ortho positions 
and the weakening of the carbon-oxygen bond. This tendency to cleave 
is enhanced by the fact that the allyl group acts as an electron-release 
group. The adjacent double bond serves as a source of electrons and, as 
the oxygen pulls further away from the carbon atom, the increasing pos¬ 
itive charge on the latter acquires a greater attraction for a pair of elec¬ 
trons from the double bond. Finally, the electromeric shift produces a 
positive charge on the gamma carbon atom and this atom then adds to 
the electron pair available at the o- position. The breaking of the carbon- 
oxygen bond and the formation of the carbon-carbon must occur simul¬ 
taneously. The ortho rearrangement has been shown to be a first-order 
reaction. It is an intramolecular reaction, for otherwise the rearrangement 
of a mixture of two allyl aryl ethers should yield more than two rear¬ 
ranged products. This has not been observed in the large amount of data 
available. The last step in the change involves the transformation of an 
o-quinoid structure to the more stable, resonant benzenoid form. The 
presence of substituents in the aromatic ring does not appear materially to 
change the ease of rearrangement. The crotyl ethers rearrange more read¬ 
ily than the allyl ethers (53). This fits in very well with the above mech¬ 
anism, for the methyl group being an electron-release group would 
increase the electron-release effect of the allyl grouping. 

Vinyl allyl ethers also undergo the rearrangement. In this case the 
resonant nature of the vinoxy group serves the same purpose as the 
benzene ring: 


H 

I .. 

CH2= C-0- 


X0^-CH2-CH 

- ^11 

^H2*^CH2 


H 

-CH2-C = 0- 


H 

I 

CH2 = CH-CH2-CH2~C: 
penten-4-al-l 


A few ortho rearrangements have been reported which do not fit the 
suggested mechanism. For example, y-ethylallyl phenyl ether on rear¬ 
rangement gives a mixture which contains both the normal product and 
an anomalous product (54): 


fli 



0 -CH 2 CH = CHCH2CH3 



o-oC-ethylallylphenol -dlmenthylallylphenol' 

(normal) (anomalous) 

Isomerization of the allylic side chain obviously occurs during the re¬ 
arrangement. It is not possible to explain the formation of the anomalous 
product if the cleavage of the carbon-oxygen bond and the formation of 
the carbon-carbon bond are assumed to take place simultaneously. It is 
more probable that in some cases the allylic group separates as a carbo- 
nium ion, thus making isomerization possible (55). Allyl phenyl ether 
can rearrange to only one product, allylphenol. Even if the reaction pro¬ 
ceeded in part by an ionic mechanism, only one product would be formed, 
since the resonant structures are equivalent: 


CH2-CH = CH2 -► CH2~ CH-CHz 


Isomerization is not possible in this case. With substituted allyl groups 
isomerization is possible, providing an allylic carbonium ion is an inter¬ 
mediate. The fact that such ions are stabilized by resonance justifies the 
assumption that they may be intermediates in some cases. The anomalous 
rearrangement of y-cthylallyl phenyl ether may be attributed to isomer¬ 
ization of a carbonium ion: 


H 

+ I 

CH2-CH= CH-CH 2 -CH 3 -#-^CH 2 - CH-CH-CH-CH3 



CH3-CH = CH-CH-CH3 ^ CH3-CH-CH= CH-CH3 


IV 




III 



It will be noted that III and IV are completely equivalent forms and so 
should be stabilized to a greater degree than I and II. 

While it is easy to show how isomeric carbonium ions may be formed, 
it is not possible in every case to determine which of the carbonium ions 
will preferentially add to the ring. For example, y-n-propylallyl phenyl 
ether is reported to rearrange as follows (56): 


0 — CH 2CH = CHCH 2CH 2CH 3 



Of the four carbonium ions shown below, it is not clear why III adds to 
form the anomalous product rather than I or IV: 


H 

CH2-CH = CH-CH2-CH 2-CH3^-►CH 2::CH-CH-CH-.CH 2-CH3 


I 


4 


II 


CH 3-CH=CH-CH--CH 2-CH 3 ^- ¥ 


CH 3-CH-CH=CH-CH 2-CH 3 


IV 


III 


In a few cases it has been shown that there is some rearrangement to 
the para position even when there is an unsubstituted ortho position in 
the ether. Where both ortho positions are blocked, rearrangement to the 
para position takes place. The para rearrangement apparently occurs 
quite readily and efficiently: 


08 



OCH2CHz:CH2 


OH 



allyl-2-carboniethoxy- 
6-iuethoxyphenyl ether 




CH3O 



GOOCH3 


CH 2 — CH = CH 2 


2-carboraethoxy-4-allyl~ 
6-me thoxyphenol 


The para rearrangement is a first-order reaction similar to the ortho 
change. There appears to be little doubt that the para rearrangement in¬ 
volves dissociation as the first step. The fact that isomerization often 
occurs is in accord with the above assumption. Reported results from the 
para rearrangement, which involves isomerization, are not in agreement 
with the results for the corresponding ortho change ( 55 ): 



'y-ethylallyl-2-carbomethoxy- 
6-inethylphenyl ether 


oc -ethylal lyl-2-carbOTTie thoxy- 
6-inethylphenyl ether 



2 -carboinethoxy- 4 ->'*-ethylallyl- 

6-iTiethylphenol 


It will be noted in this case that it is the a-ethylallyl group which isomer- 
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izes and not the y-ethylallyl group* This behavior is in sharp contrast to 
the behavior of the y-ethylallyl group in the ortho rearrangement. 

The Claisen rearrangement cannot be represented by a single mech¬ 
anism. It is important to note, however, that the same fundamental prin¬ 
ciples are involved in every case. The ability of the unused electrons on 
the oxygen atom to participate in resonance with the ring accounts for 
the activation of the aromatic ring as well as the weakening of the carbon- 
oxygen bond. The tendency of the latter bond to cleave is facilitated by 
the fact that the allyl group acts as an electron-release group. In general, 
the y-carbon atom in the allyl group starts to add to the ortho position 
before the cleavage of the carbon-oxygen bond is completed. The same 
forces, noted above, would account for dissociation as the first step in the 
para rearrangement. Where the y-carbon atom is completely or partially 
blocked in its approach to the 2-carbon atom, it may be assumed that the 
tendency to dissociate will be facilitated. Isomerization probably may be 
associated with the formation of carbonium ions. It is not possible, how¬ 
ever, to predict which isomeric ion will account for the final product. 



CHAPTER XI 


Reactions of Thioalcohols or Mercaptans 


The thioalcohols are the sulfur analogs of the ordinary alcohols. The 
sulfur atom has two unshared pairs of electrons similar to the oxygen 

atom in R—0*~H. However, they differ in several ways. The thioalcohols 

dissolve in aqueous alkalies to form thioalcoholates or mercaptides, where¬ 
as water insoluble alcohols are not soluble under these conditions. This 
would indicate the thioalcohols to be more acidic than alcohols. The 
tendency to ionize 


R-S-H ^ 


R-S 4 - H 


would thus be greater. 

The carbon-to-sulfur linkage is more difficult to break than the carbon- 
to-oxygen linkage; consequently, replacement of the —S—H group is often 
impossible. Thus they do not react with hydrogen halides as do the 
alcohols. 

Reactions with carboxylic acids proceed normally to form thiolesters. 
Similar to the reactions of carboxylic acids with alcohols, these reactions 
are reversible and the equilibria are not favorable for the formation of 
good yields of thiolesters. The mechanism is probably the same as that 
given for the esterification of alcohols: 


OH 

I , 

CH3C= 0 -f 


OH 

I 

tCHjC-OH 

+ 


OH 

I 

CH3C-OH -)- C 2 H 5 S 4 -Hj 


OH 

rCH3C-0^H -I- 

I 

SC2H5 


CH3C- SC2H5 + HOH 

ethylthlolacetate 


It is interesting to note that the thioacids react with alcohols to form or¬ 
dinary esters, with the elimination of hydrogen sulfide; 






CH 3 C-SH-j- R0H-^CH3C-0R H 2 S 


thloacetlc 

acid 



Both of the above reactions are in accord with the conclusion that the 
alcohol carbon-to-oxygen linkage is not broken in the esterification of pri¬ 
mary and secondary alcohols. 

Finally the sulfur atom in these compounds can be oxidized with the 
formation of sulfinic and sulfonic acids: 


RSH -► RSOOH -►RSO2OH 

alityl alkyl sulfonic acid 

sulfinic acid 

It is interesting to note that the most reasonable electronic formulas for 
these acids do not show double bonds between sulfur and oxygen: 


:b: 

R:S: 0 :H 


:b; 

R:s: 0 :H 

:o: 


The thiophenols (Ar—S—H) give the usual mercaptan reactions except 
that they are more acidic and are more difficult to esterify (see phenols) . 



CHAPTER XII 


Reactions of Ethers 


The characteristic group of the ethers, —C—O—C—, is similar to the al- 

I •• I 

cohol group in that the oxygen atom has two unshared electron pairs, but 
it is unlike the alcohol group in lacking an ionizable hydrogen atom. 
Many of their reactions are initiated by the attraction of the unshared 
electrons for protons or for certain salts (BF,, AICI3, ZnClj, etc.) which 
readily form coordinate bonds with the ether oxygen: 


r-O-R + H-^X 



X 


As a rule the oxonium salts are not very stable, although some have been 
isolated. In general the formation of an oxonium ion produces an electron 
displacement away from carbon and towards oxygen thus weakening the 
carbon-to-oxygen bond. Consequently cleavage of the latter bond often 
occurs. 

The tendency of ethers to form coordinated compounds is of practical 
value in carrying out certain reactions. For example, Grignard syntheses 
are commonly carried out in dry diethyl ether as the solvent. The ether 
not only acts as a solvent but apparently assists in the reaction itself 
through the formation of unstable addition compounds: 


(C2H5) 2O: + R-Mg~X 


(C2H5) 20 


R 

t 


>M^-X 


It is known that Grignard reagents form addition compounds with ether. 
From the structure of these salts, it is safe to assume that the presence of 
ether in Grignard syntheses increases the availability of the carbanion 

(R) and the cation (MgX). In other words these ions are more available 
for addition to other compounds such as aldehydes and ketones (p.ll6). 

It has been observed that the use of ether as a solvent sometimes facili¬ 
tates the addition of bromine to double bonds. Ether forms a highly un¬ 
stable addition product with bromine. In view of the fact that the addi¬ 
tion of bromine to an olefin bond involves the primary addition of 
positive bromine, it is reasonable to assume that ether promotes the 
availability of the latter through the formation of an addition compound: 




(C2H5)20: 4 - Br-^ Br C 2H 5 ) 2*6: BrJ Br 

The highly unstable oxonium cation may be regarded as a ready source 
of positive bromine ions. The use of ether as a solvent for brominating 
relatively unreactive olefin bonds (as in fumaric acid) has not been 
widely used, possibly for two reasons: (1) The addition product is very 
unstable and is difficult to handle; and (2) some halogenation of the 
ether occurs with the formation of lacrymatory compounds. 

The cleavage of ethers brought about by heating with concentrated 
hydriodic acid and with concentrated sulfuric acid may be written as 
follows: 


C 2 Hg'—O—C 2 Hg 4“ 


H 

I 


C 2 H 0— C 2 H 5 


HI 

C2H5I + C2H5OH-►2C2H5I + HOH 


C2H5~0-C2H5 + H-^0S0 20H^ 


H 

I 

C2H5-*O-0C2H5 


0S020H* 


H2SO4 

CH 3 CH 2 OSO 2 OH 4- CH 3 CH 2 OH-►a CH 3 CH 2 OSO 2 OH + HOH 


The addition of the proton, by displacing the electron system, facilitates 
cleavage between carbon and oxygen and may result in the formation 
of an alcohol and a carbonium ion. The latter is neutralized by the iodide 
ion or hydrogen sulfate ion to form an alkyl iodide or alkyl hydrogen 
sulfate. It is not known with certainty that a free carbonium ion is actual¬ 
ly formed to any extent. It is probable that the hydrogen sulfate ion or 
iodide ion starts to add before the cleavage of the carbon-oxygen bond is 
completed. With excess reagent the liberated alcohol is also converted to 
the same end products. 

Mayo and co-workers (57) have studied the cleavage of diethyl ether 
with hydrogen bromide. They found that different equations are required 
to express the rate of cleavage in different solvents. When carried out in 
acetic acid, an ionizing solvent, the reaction was found to be of first order 
with respect to both the ether and hydrogen bromide. The mechanisms 
shown above undoubtedly are valid for those cases where the reactions 
are carried out in ionizing media. The reaction was found to be trimolec- 
ular, however, when carried out in toluene solution. In this case the 
effects of water were eliminated by the addition of acetyl bromide. The 
following equation was suggested as showing how the molecule of ether 
and two molecules of hydrogen bromide are involved: 


n 



HBr 


HBr + C2H5-“0-C2H5 


C 2 H 5 Br + C 2 H 5 OH + Br 


As pointed out in this paper, it is believed that the ether*acid complexes 
are largely of the hydrogen-bond type rather than oxonium salts (58). 

While it appears to be established that the order of the reaction may 
be changed by change of solvents, it does not follow that the fundamental 
principles involved in the mechanism are altered. If it be assumed that 
the intermediates, in essentially nonionizing media, are of the hydrogen- 
bonded type 

HBr H-Br----H-Br HBr 

t I ■ 

I I I 

Rr-O-R or R-O-R or even R-O-R 


HBr 

it is conceivable that the reaction might be bimolecular, trimolecular, or 
even polymolecular. The formation of the initial hydrogen bond, by 
displacing the electron system, would facilitate cleavage between carbon 
and oxygen: 


H-^Br.H-^Br 

j 

R-^O-R -► RBr + ROH + HBr 


The addition of the second molecule of hydrogen bromide, through the 
formation of another hydrogen bond, might be expected to further en¬ 
hance the displacement and thus aid in the subsequent cleavage. The 
fact that no more than two molecules of hydrogen bromide are involved 
suggests another possibility, namely, the proximity of the alpha carbon 
atom, and the second bromine atom may have a marked effect on ease 
of cleavage (57). 


,.'Br^^TT 

H ? 

'^Br I 

CH3CH2~^6-.CH2CH3 


It is believed that cleavage and the attack on the alpha carbon atom 
occur simultaneously. This belief is based on the fact that similar reac¬ 
tions have been not^ to proceed with inversion and with little racemiza- 
tion (59). This would indicate that free carbonium ions are not formed 
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to any appreciable extent. This appears to be true for both ionizing and 
nonionizing media. The mechanism directly above requires no ioniza¬ 
tion, but rather the carbon-bromine bond starts to form before the car¬ 
bon-oxygen is completely cleaved. The energy of formation for the new 
bond may therefore contribute to the breaking of the old bond. Such a 
scheme would be expected to have a lower activation energy than a 
mechanism which required ionization. 

Water or alcohol accelerates the cleavage of diethyl ether in toluene. 
Mayo suggests a similar mechanism for this effect in which the water or 
alcohol replaces the second molecule of hydrogen bromide: 


H 


H''' : 



CH3CH2->0-CH2CH3 


Such an explanation appears reasonable but it is not clear why the 
presence of ionizing solvents such as water or alcohol would not also 
promote the mechanism which involves an oxonium ion as an interme¬ 
diate. 

The cleavage of dialkyl ethers to form esters by treatment with anhy¬ 
drous zinc chloride and acyl chlorides probably follows a somewhat simi¬ 
lar mechanism. When diethyl ether is heated with zinc chloride alone, 
only small amounts of ethyl alcohol and ethylene are formed. In the 
presence of an acyl chloride, however, the cleavage between carbon and 
oxygen takes place more readily. These facts indicate that zinc chloride 
reacts more readily with the acyl chloride than with the ether and sug¬ 
gests the following mechanism: 

^0 0“ZnCl2 

'^11 I 

CH3-C-CI -h ZnCl 2 CH C-Cl 


0 -ZnCl 2 

I 

C2H5-O-C2H5 + CH 3 -C-CI —• 


C^ZnCl 2 

CH 3 -C-»C 1 

I 


0 

il 

CH3C-OC2H5 + C2H5CI + ZnCl2 


The reaction is induced by the electrophilic nature of zinc chloride. The 
latter acquires a share in an electron pair belonging to the carbonyl oxy- 
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gen atom. The resulting carbonium ion then attaches itself to an electron 
pair on the ether oxygen atom. This addition creates the electron displace¬ 
ments which result in the cleavage of the oxygen-carbon bond. 

The aryl alkyl ethers are also cleaved by heating with concentrated 
hydriodic acid, yielding phenols and alkyl iodides. In this case the direc¬ 
tion of the electron displacement in the oxoniuni ion is predominantly 
away from the carbon atom of the methyl group rather than the carbon 
atom of the phenyl group. It will be remembered that when an oxygen 
atom is attached to an aromatic ring it participates in resonance with the 
ring. Thus the oxygen is bound more lightly to the ring and as a result 
cleavage occurs between the oxygen atom and the alkyl radical: 


■f — 

methyl phenyl ether 


H 

C6H5-6-CH3I 


+ 

I 


C6H5OH + CH3I 


Treatment of ethers of this type with concentrated sulfuric acid usually 
leads to substitution in the aromatic nucleus due to the greater electron 
availability at the o- and p- positions. I'he unsubstituted diaryl ethers are 
quite resistant to the cleavages noted. 

The olefin oxides, which are cyclic ethers, are particularly reactive 
because of the internal strain common to three-membered ring systems. 
Their characteristic reactions involve cleavage of the carbon-to-oxygen 
bond, similar to the open-chain ethers. The acid-catalyzed hydrolysis of 
ethylene oxide may be illustrated as follows: 


CH 

I 

CH 


^0 + h"*": 


CH 

I 

CH 


2 



HOCH2CH2OH + h"^ 
ethylene glycol 


The mechanism may involve initial ring opening followed by reaction 
with water or the two reactions may occur simultaneously. In either case 
the fundamental principles would be essentially the same. Alcoholysis 
follows a similar scheme: 


CH 2 


CH2 


^0 + H ; 


-I- 


CH 2 

I 

CH2 



H 


CH30^*H + 

CH3OCH2CH2OH + H 

methyl cellosolve 


Other well-known cleavage reactions may be written in a similar 
manner: 
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CH2 


CH2 


^0 4 - H+Cl 


CH2. 

I ;; 

CH2'^ 


+ 


0 — H 


Cl 


CICH2CH2OH 

ethylene 

chlorohydrln 


CH2' 

I ^0 + Mgl -► CH 3 CH 2 CH 20 MgI 

CH 2 '^ 


Hydrolysis of the latter yields n-propyl alcohol. The reaction of alkyl 
magnesium halides with ethylene oxide is frequently employed for the 
synthesis of primary alcohols. 

Rearrangements have been observed in some acid-catalyzed cleavages 
of olefin oxides. For example, 2,3-dimethyl butene-1 oxide when heated 
with 10 per cent hydrochloric acid is converted to 2,3-dimethylbiitanal 
(60). It is not necessary to assume an entirely different mechanism in 
this case, for it is probable that in part the reaction follows the same 
course as the reactions noted above: 


CH3 CH3 
CH3-~CH—C — CH2 + H 
0 


CH3 CH3 H 

I I 

CH^-CH—C — CHOH 


CH3 CH3 

I I 

CH3 —CH—C —CH2 

\/ 

0 

1 

H 


CH3 CH3 H 




-► CHj —CH—C:=C— 0 —H ^ " 

CH3 CH3 H 


I 

CH3 -CH—'CH~-C :=0 


In this particular reaction, the carbonium ion is apparently more readily 
neutralized by attracting an electron pair from the adjacent carbon- 
hydrogen bond with the formation of the enol form of the aldehyde. It 
is possible that the cleavage and the splitting of a proton occur simul¬ 
taneously. Theoretically, it is possible that the acid-catalyzed cleavage of 
any olefin oxide may yield either of two products depending on the 
conditions used. The carbonium ion may be neutralized by union with 
an anion or by attracting an electron pair from an adjacent carbon- 
hydrogen bond. 
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The above reactions involve as the initial step addition of an elec¬ 
trophilic ion (cation) to the oxygen atom. Recent work, however, has 
shown that under basic conditions the cleavages are of a bimolecular 
nucleophilic displacement type. The reaction of ethylene oxide with 
ammonia is an example of this type and may be shown as follows: 



4“ 

+ H—►H2NCH?CH20H 
ethanolamlne 


In the carbon-to-oxygen bond the oxygen, being more electron attracting, 
induces a fractional positive charge on the carbon atom. The nucleophilic 


is attracted to this point and the approach of this group may 
be considered to facilitate cleavage. In the presence of excess ethylene 
oxide the reaction proceeds further with the formation of diethanolamine 
and triethanolamine. 


CH 2 


+ H«^HNCH2CH20H 


(HOCH 2 CH 2 )2NK 
diethanolamine 


^ -f 

I /0 + CH 2CH 2OH)2 —► (HOCH 2CH 2)3N 
CH2^ triethanolamine 

It will be noted that in all of the above reactions cleavage may occur 
on either side of the oxygen atom without altering the final products. 
This is due to the symmetry of the ethylene oxide molecule. These state¬ 
ments do not hold for the mono substituted olefin oxides and a consid¬ 
eration of the directive influences which operate in these oxides is of 
interest from the standpoint of mechanism (61). The following examples 
illustrate these influences for substituted olefin oxides: 


R —CHv 

I 0 + 

CHf 


“ 1 + 


R-^CH 


I /O-H 


CHf 




CH3O-H 


OCH 3 

I + 

RCHCH 2 OH + H 
2-methox7alltanol-i 
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II 


CH 3 ^ 

CH3^|^0 4- 

CH 2 

Isobutylene oxide 


CHj 

J;c 

cnf'^ I ^o—H 


CH2 


CH 30 *H 


CH. 


CH3—C —CH2OH + H 

I 

OCH3 

2-Tiiethyl-s-inethoxy propanol-i 


III R-»CH-^CH2 + 0CH3(CH30H, CH 30 Na)-»- 

I CH 30 ^H 

RCHCH2OCH3-►RCHOHCH2OCH3 4 - OCH3 

1 -me thoxyalfcanol -2 


IV C6H5CH2->CH—(?H2 -f H-f NH 2-► 

\/ 

0 

Denzylethylene oilde C6H5CH2CHOHCH2NH2 

l-ainlno-2“hydroxy-3-phenylpropane 

Reactions I and II are acid catalyzed and follow the unimolecular 
mechanism involving the ring opening of the oxonium ion. The electron- 
release effect of the alkyl group (or groups) is transmitted through the 
carbon attached to the fewest hydrogen atoms to the oxygen, rather than 
through the CHg group. 

In the base-catalyzed cleavages, III and IV, the bimolecular nucleo¬ 
philic mechanism prevails. Because of the electron-release effect of the 
alkyl group there is lower electron density (larger fractional positive 
charge) on the CHg group in the oxide ring. The approach of the 
methoxy anion towards the CH^, group increases the electron-release 
effect of the latter and consequently weakens its carbon-to-oxygen linkage. 
As a result, cleavage of the —-O— bond occurs. Additional evidence 
for the course of the cleavage reactions in basic media has been reported 
recently by Russell and Vander Werf (62). They condensed styrene 
oxide and butadiene oxide separately with sodio diethylmalonate in alco¬ 
hol solution. They isolated y-phenyl-y-butyrolactone and y-vinyl-y-bu- 
tyrolactone from these reactions. No other lactone could be isolated in 
either case. These findings definitely indicate that the attack of the nu¬ 
cleophilic anion takes place solely at the CH^ group of the ethylene 
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oxide ring. This carbon atom would have the lowest electron density and 
hence would be more susceptible to attack by the anion: 


C6H5-CH-CH2 + CH(C00C2H5)2 4 -Na -► 

\ ^ 

0 

1. KOH 

H2^0i),+h6SLt. 

C6H5-CH-CH2-CH(C00C2H5 )2 -► 

0 - 


C 6 H 5 CHOHCH 2 CH 2 C-OH 


C6H5CH 

I 

► 0 


II 

0 


CH2 

I 

CH2 


Acid-catalyzed and base-catalyzed cleavages of olefin oxides have been 
referred to as abnormal and normal reactions respectively. This is rather 
unfortunate, for as long as any mechanism is in accord with the electron 
requirements of the system it may be said to be normal. 

The Darzen method for the preparation of aldehydes and ketones (63) 
also involves the cleavage of an olefin oxide. In this reaction an aldehyde 
or ketone is condensed with ethyl chloroacetate or ethyl a-chloropro- 
pionate under the influence of sodium ethoxide to yield a glycidic ester. 
The latter when saponified and heated loses a molecule of carbon dioxide 
and forms an aldehyde or ketone. The first step involves a Claisen con¬ 
densation (see p.207): 


CH 3 0 

I A + - 

CH3-c40 + H-*CH-C—OC 2 H 5 
acetone I 


CzHsONa 

- 


ethylchloroacetate 


CH 3 0 

I // 

CH 3 -C—CH-C-OC 2 H 5 + C 2 H 5 OH 

O'" Cl 
Na 
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CH3 0 

I // 

CH3-C-CH-C-OC2H5 4 - NaCl 

\/ 

0 


ethyl p ,p -dlmethylglycldate 


CH3 CH3 0 

I O + -I II C^sONa 

CH3-C==0 + H-+C—C-OC2H5 -► 

Cl 

ethyl «K-chloropropionate 


CH3 CH3 0 

I \1 '// 

CH3-C-^C—C-OC2H5 + C2H5OH - > 

I 4 

0- Cl 
Na4 


CH3 CH3 0 

11 / 

CH3-C-C-C-OC2H5 4 NaCl 


ethyl o< ►yfit/J-trlmethylglycldate 


The reaction is general for aliphatic and alicyclic ketones and for aro¬ 
matic ketones of the type ArCOCHg. It apparently is not as general for 
aldehydes, although it has been used successfully in a number of cases. 

The ease of conversion of the glycidic ester to an aldehyde or ketone 
often varies in going from one ester to another. In general the ester is 
hydrolyzed and the resulting salt or free acid heated to effect the decar¬ 
boxylation and cleavage. It is often possible to carry out all of the steps 
in one operation by simply heating the ester in alkaline solution. In other 
cases it may be necessary to isolate the sodium salt or free acid and 
subsequently apply heat to effect the change. Good yields have been 
obtained in some cases by heating the sodium salt with an equivalent 
amount of sodium hydroxide. It has also been reported that the glycidic 
acids decompose slowly in contact with dilute acids. 

The course of the cleavage and decarboxylation reactions for the gly¬ 
cidic ester has not been definitely established. There is enough experi¬ 
mental data on hand, however, to suggest the mechanism which is 
followed. The decomposition of glycidic esters, whether carried out under 

m 



acidic or basic conditions usually yields the same end product. The olefin 
oxide ring must cleave, therefore, in the same direction in every case. 
This can be accounted for if cleavage of the oxide ring precedes decar¬ 
boxylation. The strained oxide ring, under the influence of the electron- 
attracting carbonyl group, would be expected to cleave very easily and 
in the same direction in each case: 


R 0 

i //. 

R-^C-CH-^C-0 

V/ 

o 


The fact that glycidic acids, when treated with hydrogen chloride, give 
good yields of ^-chloro-a-hydroxy acids is an indication that ring opening 
takes place more readily than decarboxylation. With these facts in mind, 
the following mechanisms may be written for the decomposition of 
glycidic acids: 


R 0 R 0 

I ^ ^ heat I 11 

R—C—CH—C—04—H-► R—C—CH—C—0- 

\/ I 

0 OH 


R H 

I I ^ 

R—C=C—0-i-H -(• C02*: 

O ^ 

enol 


R 

I 


H 


=^R—CH—C=0 
aldehyde 


R CH 3 0 

I I // - . 

R—c—-C—C—0-*~H 


heat 


R 0 

I //A 

R—C~C—C— 0 - 


^ / \ 

CH 3 OH 


R CH 3 

I I ^ 

R —c=C— 0 -^H + CO 2 
\J 
enol 


in 


0 

II 

2CH—C—CH3 


ketone 


The electron-deficient carbon atom, formed by cleavage of the oxide 
ring, would be expected to facilitate decarboxylation as indicated above. 
The presence of strong inorganic acids apparently catalyzes the reaction 
but there is little published information on the acid-catalyzed decompo¬ 
sition. The acid-catalyzed reaction may be shown as follows: 



R 0 

I // , + 

R—C—CH—C — 0 h 4 - H 

\ / 


R 


0 




R —C —CH~C —OH 

\ / 

0 ~H 


R 0 

R—C — 

I 

OH 


-h 


R H 


R~'<^C~ 0 ~H+C 0 2 + H 




R 2 CH-~ C = 0 


In alkaline solution the salt of the glycidic acid would furnish an 
electron-rich anion which readily undergoes the above reaction when 
heated. The following mechanism is similar to those shown above: 


R 0 

I //- + 

R- C—CH— C -0 Na ■ 

\/ 

O 


R 0 

I o //p , + 

-»R—C—(j:H-C -0 4 -Na- 
0 


R 

I 

C 02 + R —C = 


H 

I -+♦- 

C--ONa H-»; 0 J 4 NaHCO 3 + R 


I 1 

C= C — 0 —H 


-► 


H 

I 

R 2 CH—C = 0 


In those cases where the dry sodium salts have been heated with solid 
sodium hydroxide to effect the change, the w^er necessary for the third 
step comes from the interaction of COg and OH from the base: 

CO 2 + OH- ^5003 

2 HCO 3 -►CO 3 + HOH + CO 2 
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CHAPTER XIII 


Reactions of Thioethers 


The sulfur analogs of the ethers differ from the latter in several ways, 
in spite of the fact that sulfur (like oxygen) in these compounds has 
two unshared electron pairs. As noted previously, the carbon-to-sulfur 
linkage is more difficult to break than the carbon-to-oxygen bond, conse¬ 
quently cleavage reactions occur with greater difficulty. The utilization 
of the unshared electrons for the formation of coordinate bonds yields 
a variety of sulfonium compounds which are more stable than the cor¬ 
responding oxonium compounds. 

For example, the addition of alkyl halides to thioethers results in the 
formation of sulfonium compounds: 


C2H5—S—C2H5 
diethyl thloether 


C2H5 

-*• LC2H5-S-C2H5J i 

trlethylsulfonlum Iodide 


The sulfur atom has six valence electrons and in the thioethers two are 
used in pairing with the two adjacent carbon atoms, leaving two unused 
pairs of electrons. The addition of a carbonium ion (with an electron 
deficiency of one valence electron) to an unused pair of sulfur's electrons 
contributes a positive charge to the group because the total number of 
valence electrons is one less than the number belonging to the component 
atoms. Thus the sulfonium compounds are typical salts. Three of the 
bonds are predominantly covalent and the fourth is ionic. 

The alkyl sulfonium halides yield the corresponding sulfonium hydrox¬ 
ides when treated with moist silver oxide: 


(C2H5)3 si + AgOH- (C2H5)3 SOH + Agl 

trlethylsulfonlum 

hydroxide 


The replacement of I by OH does not alter the ionic character of the 
bond and as might be expected, the sulfonium hydroxides are strong 
bases. 

Similar to the thioalcohols, the sulfur atom in the thioethers is readily 
oxidized, yielding dialkyl sulfoxides and dialkyl sulfones. Thirty per cent 
hydrogen peroxide solution is frequently used for these oxidations: 
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H202 


:0; H202 

CH3CH2:S:CH2CH3 ► CH3CH2:S:CH2CH3 —^7^. 

0: ” 0: 

dletliylsulfoarlde 


: 0 : 

CH3CH2:S:CH2CH3 

:o: 

dlethylsulfone 
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CHAPTER XIV 


Reactions of Aldehydes and Ketones 


These two classes of compounds contain the carbonyl group, — C=rO, 
and their most typical reactions (common to both) are due to the reac¬ 
tivity of this group. The considerable dipole moments of aldehydes and 

ketones indicate that the carbonyl group may be written as — C::0:4—► 

—C:0: . The aldehydes and ketones undergo addition reactions with 

various reagents through the functioning of an electromeric shift, 

—CrzzO. Many of these reactions are known to be catalyzed by acids or 

— 

bases or both, and there are a number in which the addition occurs 
only in the presence of a catalyst. It is not easy to distinguish between 
addition reactions ; nd so-called condensation reactions, for the primary 
process with either type may involve addition. Before stu dying these 
reacti ons, it is necessa ry to consider the tauto meric ch aracter of aldehydes 
ancTketones which have one or more hydrogen atoms on the alpha car- 
fedn a tom. 

C Jornp3unds which behav e in di fferent reactiom as if they had two or 
more dif ferent stru ctures are said to cxhibjt tautbmerism. X)riginally 
the term was used only to^h^icate the migration of hydrogen and with 
the aldehydes and ketones was shown as follows: 


H H 

I I 

CH3-C=0 5=5^CH 2=C-0-H 


0 0 -H 

11 t 

CH3-C-CH3;5=5rCH 3-.C=CH 2 

Reto form enol form 


This view may be extended to all types of tautomeric changes, regardless 
of whether the migratory group is a proton or some other cation, or 
whether it is an anion. All such changes involve the separation of either 
a cation or an anion. This separation leaves an ion (anion or cation) in 
which electromeric displacements occur in such a way that the eliminated 
ion has two possible points for recombination. The term cationotropy 
is used in all cases which involve the separation of a cation; the term 
prototropy is applied to the reversible interconversion of isomers differ¬ 
ing only in the position of a hydrogen atom; and the term anionotropy 
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is reserved for tautomeric changes in which the migrating group separates 
as an anion. 

It is now generally accepted that resonance occurs between the struc* 
tures which represent the ions (anions) derived from each tautomer: 


H 

i 

R-CH-C= 

I 

H 


►B-CH-C=0 + H'' 

i 


R«CH=C-0 

I 

H 


: R-CH=C-O^H 
I 

H 


The anions are not to be regarded as separate entities but rather as 
resonant structures of a hybrid ion: 


R-CH-C=0^=z±R-CH-.C-0 -f H V— R-CH=:C->0>H 
I i I 

H H H 


The driving force for the initial ionization is the electron attraction 
exerted by the carbonyl group, C=0. In the case of the simple alde¬ 
hydes and ketones, the keto form predominates enormously over the enol 
form. With some carbonyl compounds, which will be discussed later, 
the enol form predominates. Both of the prototropic isomers shown above 
are acids and correspond to one and the same base, the hybrid anion. 

Prototropic changes may be catalyzed by both acids and bases, although 
the most effective catalysts are anmns (bases) of high coordinating power 
(strong proton affinity) such as OH or OG^H^. 

Add mechanism: 


H H 

JL » ^ 

R-CH-.C=0 + 

+ - 




H H 

R-CHiC-O-H 


H 

I 

:R-CH=C-0-H *f 


The addition of the proton by displacing the electronic systc^ away 
from the a-carbon atom facilitates the separation of a proton from the 
a<arbon atom. 


Its 



Basic mechanism; 


H.OH 

I 

R —CH —0:=: 0^ 


H 


R —CH -C-0 


- H 

H-^OH I _ 

i===^' R“-CH=:::C“0-H + OH 


H 


This represents the basic catalyst as directly assisting in the removal of 
a proton. A modified version was advanced by Watson, Nathan, and 
Laurie in 1935 (64) : 


I 

R—CH - C-0 + OH 
I 

H 


R 


H OH 

l-^t . 

—CH — C-O 
I 

H 


R —CH = CH0H + OH 


This mechanism is in accord with the belief that the carbonyl group 
undergoes ready addition with many nucleophilic reagents. 

It is convenient, for discussion purposes, to divide the various addition 
reactions of aldehydes and ketones into several groups even though they 
have much in common. 

I. Simple addition reactions. These reactions depend upon the 
polar character of the carbonyl group. In many of these additions hydro¬ 
gen becomes attached to oxygen and the anionic part of the addenda to 
the carbon atom. The addition of Grignard reagents similarly involves 
the linking of the magnesium to oxygen and the alkyl group to carbon. 

The addition of hydrogen cyanide to the carbonyl group is known to 
depend on the presence of cyanide ions and, as expected, bases exert a 
catalytic effect on the reaction by forming the essential cyanide ion. The 
addition of acids retards the reaction by converting cyanide ions to un¬ 
reactive hydrocyanic acid. The initial step is the slow addition of the 
nucleophilic cyanide ion followed by the rapid addition of the hydrogen 
ion: 


H ^ H 

I - H I 

r~C-0:5==±R-C-OH 

I I 

CN CN 

aldetiyde cyanobydrln 

It has been stated that the olefinic linkage adds electrophilic reagents and 
thus differs hxHn the carbonyl bond which may add nucleophilic or elec¬ 
trophilic reagents. The above reaction may written more simply as 
follows: 


H 

I ni 

R-C=:0 + CN 
-h - 
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H 


H 

CH3~C~0 +h 
-I- - 


►CN^: 


:±cn^ -c-OH 
I 

CN 

acetaldehyde cyanohydrin 


Ketones give similar addition products. 

The addition of sodium bisulfite to aldehydes and methyl ketones in¬ 
volves the formation of a carbon-to-sulfur linkage. It appears to be com¬ 
monly accepted that the bisulfite addition products are best represented 
as sulfonates. Their formation may be explained by assuming that the 
unshared electrons on the sulfur atom (rather than on the oxygen) 
coordinate with the carbon atom of the carbonyl group: 

H 


CH 3 - C~OH 
S 020 Na 

acetaldehyde bisulfite 

The formation of the carbon-to-sulfur linkage indicates greater stability 
for this bond than for the carbon-to-oxygen bond. 

It may be said that if a C—0~S linkage were formed, the addition 
would be expected to exhibit a greater tendency towards reversion: 

I O7-H , 

— C -►-C=0 + HOSOONa 

^OSOONa 

This is in accord with the instability of other similar groupings: 


CH 3 - 


-h - 


:o:s:0: 
“ : 0 : ** 




\ I 

C -► - c = 0 -t- HOH 

'^0—H 


\ /^ " I 

-C -► -C=0 + HX 




•C = 0 4- NH 3 or-C 


1 ^ 


0—H 


^NH—H 


■C=NH-|- HOH 
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This tendenqr for the splitting out of component elements may be ex- 

I/a 


pected for the grouping —C whenever one group is the hydroxyl group 


which can furnish a proton and the other is an electron-attracting group 
which has an atom with unshared electrons directly attached to the car¬ 
bon. It is possible that the proton becomes attached to this atom before 

I^OH 

cleavage occurs. It should be noted that the grouping —C can be sta- 

^OH 


bilized by the presence ot nearby electron-attracting groups. Thus chloral 
hydrate is a stable molecule, ClgC—CH (OH)^, and can be easily prepared 
and isolated. 

Aromatic ketones and the higher molecular weight aliphatic ketones 
do not form bisulfite addition products, possibly due to steric hindrance. 

The addition of Grignard reagents to the carbonyl group proceeds in 
a similar manner: 




CH3C = 0 + MgX 


acetaldehyde 


CH3 


CH3C-0-MgX 

i 

'■CH3 


H 


-► CH3C-0MgX 
CH3 


CH 3 

CH3-C=0 + MgX 


acetone 


CH3 


CH3 

I 

CH3-C-0MgX 

i 

'-CH3 


+ 


CH3 

I 

-► CH3-C-0MgX 

I 

CH3 


These addition compounds, which may be regarded as mixed salts (half 
halide and half alcoholate of magnesium) are rapidly hydrolyzed by 
water: 


H 

I - - + - 

CH3-C-0<-MgX + H-»OH 

CH3 


IM 


■ CH3CHOHCH3 + Mg(OH)X 
Isopropyl alcohol 



Theoretically the Grignard reagent might add according to the polar- 

“f- 

ization R—Mg->X: 


I - 

-C=p X 


I^O~MgR 

X 


It will be noted, however, that the addition product is quite similar 
I 

electronically to the grouping discussed above. Such an addition 

would be expected to be highly reversible 




C:zO + RMgX 


and consequently only the irreversible addition based on the polarization 
R^-MgX is observed. 

In general aromatic aldehydes and ketones react similarly with Grig¬ 
nard reagents. 

II. Addition reactions followed by the splitting out of component 
elements. The reactions of aldehydes and ketones with semicarbazide to 
yield semicarbazones are acid catalyzed; 


H 

CH3-C=0 + 


^4 


H 

I 


CH 3 -C- 0 H 


+ - 

4 H-^HNNHC0NH2 



senlcarbazide 


H 

I 

CH3-(>OH3F===tCH3CH=NNHCONH2 HOH 

semlcarbazcme 


The carbonium ion, formed in the first step, undoubtedly facilitates the 
ionization of the already polarized nitrogen-to-hydrogen bond in semi¬ 
carbazide. The third step which involves the splitting out of water is 
add catalyzed also and may be shown as follows: 



C —0 -H 


+ H ^ 


H — N- 


H 

I 

C->0-H 

H- N- 


4 - 


-C:=i N-h H + HOH 


However, if the proton becomes attached to the unused electron pair 
on nitrogen, cleavage between carbon and nitrogen will be facilitated with 
the formation of the original reactants: 


0-H 


+ H 


H~N“ 


1 

H-N- 


+ 


•C— 0 + H 2 N— + h"'’ 


The fact that good yields of semicarbazones may be obtained indicates 
that the splitting out of water to form the semicarbazone is less readily re¬ 
versed, at least under the conditions generally used for preparing semi¬ 
carbazones. 

The reactions with phenylhydrazine also show general acid catalysis: 


H 


^ -f 


CH3-C = 0 + H 
-f ~ 


4- 


H 

I 

CH 3 —C— OH 


- 1 “ 

-H H-^HNNHCeHs 
phenylhydrazine 



H 


CH3~ C-^ OH : 

^1 

H- NNHC 6 H 5 


CH3CH = NNHCdH5 + HOH 
acetaldehyde phenylhydrazone 


Oxime formation is more sttongly accelerated by bases, probably be¬ 
cause the nucleophilic anion, NHOH, is more readily formed under the 
influence of bases: 
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H 


H 


I 4 - - ' 

CH 3 - C— 0 + H-^NHOH :iZIZ?r CH 3 - C^0H:;=^:CH3CH ~N0H 4- HOH 

^ r 1 acetaldehyde oxime 

H —N-OH 

The products formed under II may be hydrolyzed by treatment with 
excess acid such as hydrochloric acid. This takes place very readily with 
oximes: 

-f- 

+ - 

H-*OH 


H 

I n, + 

CH3-C = N 0 H -f 
4 . - 


H H 

I I 

CH3—c —NOH 


H 

I ^ 

CH3C11 0 + NH3OH 


Aromatic aldehydes and ketones behave like the aliphatic aldehydes 
and ketones in the above reactions. 

III. Reactions which involve the addition of compounds possessing 
a-hydrogen. These reactions are often called condensations, but it should 
be noted that they simply represent a special type of addition. 

Aidolxondcnsalio^ * When aliphatic aldehydes having hydrogen on 
the a-carbon are treated with dilute aqueous acids or bases, a self-addition 
occurs with the formation of /^-hydroxyaldehydes (aldols) : 

H H . ' H 

II II 1 11. 

-CH-C=0 H-CH —C —CH—CHOH —C —C ~0 

I 

The reaction is most frequently effected by basic catalysts such as sodium 
hydroxide. It is a reversible reaction and the real catalyst is probably the 
hydroxyl ion. It seems likely that the first step is the ionization of one 
molecule of the aldehyde followed by the reaction of the anion with a 
second molecule of the aldehyde. Basic catalysts would assist the ioniza¬ 
tion: 


H H 


CH3— C -►NOH -f H 

K 

0-H 


H H 

I I 

H 2 C — C = 0 + oh 



CH 2 -~C ~0 + H 0 H 


H 
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The reaction between the hybrid anion and the second molecule of aide* 
hyde may be shown as follows: 


CH3 ■ 


C=0 + CH2~C-0iF 

+ - I 


H 

I 


-f - 

H-^OH 


H 


CH 3 CHCH 2 C~ 0 ^===± CH 3 CHOHCH 2 C :=0 + OH 

^ 3-hydroxyt)utanal 

0 


Acid catalysts probably function through oxonium ion formation: 


H H 

11 ^ + 
H 2 C-~-C= 0 + H 
-f - 


H H 

H 2 C~ C-OH 


I , 

H 2 C = C~0H 4- 


It is not known definitely whether the second molecule of aldehyde adds 
directly to the enol form or to the hybrid anion which the latter could 
provide. 

It is theoretically possible that condensation might take place as fol¬ 
lows: 


H 


I A " ' + 

CH3-C=0--f-CH2~C~0 + 


H 

1 ^ 

:CH 3 —C~0~H 


H ^ 


0~CH= CH 2 


The fact that such a product has not been isolated is in accord with the 
high degree of reversibility noted previously for such structures. Conse¬ 
quently the formation of the carbon-to-carbon linkage is favored. 

The presence of electron-release groups on the a-carbon atom will 
retard the ionization of the a-hydrogen and thus hinder aldol formation. 
Thus in the case of isobutyraldehyde, the electron-release effects of the 
methyl groups, by increasing the electron density on the a-carbon atom, 
tend to reduce the ease of ionization of the a-hydrogen atom: 

ISO 



CH 3 H 

i i 

CH 3 —♦C —C:=: 0 

I 

H 


The same effect would facilitate revereal of the reaction: 


CH 3 0 7 - H H 
i I 

CH3-^CH~ CH-~C~C:=0^ 

CH3 CH3 

2,2,4-tr Ime thy 1 -3-hydroxy pen tana 1 


H 

I 

:2(CH3) 2CHC~0 


Ketones do not readily give the aldol condensation under the condi¬ 
tions noted above, because the equilibrium lies far to the left: 


CH 3 

CH 3 


0=0 + H 


OR 

CH3 1 

CH 2 COCH 3 » ^C“~cH 2 COCH 3 

CH 3 

d lace tone alcohol 


Diacetone alcohol may be obtained in satisfactory yields, providing it is 
removed from the influence of the basic catalyst as it is formed. The de¬ 
creased tendency on the part of ketones to undergo the aldol condensa¬ 
tion may be attributed to the electron-release effects of the alkyl groups 
attached to the carbonyl carbon atom. Examination of the electron-re- 
lease effects in aldehyde and ketone structures 


H R 

I ; 

R—►0=^0 and R-^C = 0 


reveals the fact that electron density should be greater on the carbonyl 
carbon atom of the ketone. In other words, the fractional positive charge 
on this carbon atom would be smaller than on the corresponding carbon 
atom in the aldehyde and would account for the fact that ketones react 
less readily with nucleophilic reagents than do the aldehydes. 

It is interesting to note that acetone readily undergoes self-addition 
under the influence of hydrogen chloride, but in the presence of the acid 
catalyst, water splits out and mesityl oxide is obtained in place of diace¬ 
tone alcohol: 


m 



OH 


CH3 




CH3 


CH3 


C “ 0 -f H -♦ CH2COCH3 


C- CH2COCH3 . 


CH3 


/ 


H 


O-H H 

r\ 

C —^CHCOCH 3j 

CH3 ^ 


+ 


CH3 


CH3 


\ + 

^Q- CHCOCH3 + H -H HOH 


Continuation of this reaction would yield phorone. The tendency of 
aldols in general to lose water readily may be shown as follows: 

OH H 

I t/l I I I I I 

— c-c~c—C=0-► -c- C-C- C.=:0 + HOH 


The splitting out of water depends upon the ionization of a-hydrogen 
and would be catalyzed by both acids and bases. 

Although ketones do not readily give self-addition products under the 
influence of bases, they do give addition reactions with aldehydes. For 
example, n-butyraldehyde and acetone undergo an aldol-type condensa¬ 
tion in the presence of sodium hydroxide. The acetone is used in large 
excess in this reaction for otherwise the self-addition of n-butyraldehyde 
would prevail: 

H 

I ^ - 

CH3CH2CH2C = 0 + H,-.CH2COCH3^=±CH3CH2CH2CHOHCH2COCH3 
~ 4-hyclroxyheptanone-2 


It will be noted that the ketone furnishes the labile hydrogen. Theoreti¬ 
cally the aldehyde might furnish the active hydrpgcn and^^thus add to 
the ketone. The resulting addition product, however, would be less stable 
for the reasons given above under the self-addition of ketones in the 
presence of basic catalysts^ 

In general, aldehydes will condense with suitably activated methylene 
groups such as are found in malonic acid, malonic esters, acetoacetic 
ester, and nitroparaffins. So-called active methylene groups arc activated 

by the presence of adjacent electron-attracting groups, —C—0=0. These 
reactions are base or acid catalyzed.^ I I 

Aromatic aldehydes, since they possess no alpha hydtogen, do not give 
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the aldol condensation. They do, however, undergo aldol-type condensa¬ 
tions with compounds which can furnish active hydrogen: 


H 

I Ai ^ - (NaOH) 

C6H5C = 0 -f^ H -> CH2COCH3 ^- ■ > 

benzaldehyde 


H H 

' I 

C6H5 - C-CHCOCH3 4 

I 

OH 

C6H5CH-CHCOCH3 + HOH 
benzalacetone 


Dibenzalacetone may be obtained by the use of two moles of benzal- 
dehyde. 

Aromatic ketones of the type ArCOR, in general, behave like the ali¬ 
phatic ketones. 

IV. Knoeve na|Sjel reaction. This reaction includes the condensations 
of carbonyl compounds (usually aldehydes) with active methylene groups 
in the presence of an organic base such as piperidine or triethylamine. 
Originally it was thought that the organic bases were the active catalysts, 
but it is now generally believed that the presence of some acid is necessary 
for the reactions to occur. It has been shown in some cases that the reac¬ 
tion does not proceed in the presence of piperidine alone but does so in 
the presence of piperidine acetate (65). This suggests general acid cataly¬ 
sis, but it must be remembered that this type of reaction may be induced 
by sodium ethoxide also. It may be that most organic bases are too weak 
to catalyze the reaction. The fact that the piperidinium ion, similar to 
the ammonium ion, acts as an acid catalyst (proton donor) 

-f “b 

NHii + B NH3 + BH 


suggests that this type of reaction is more sensitive to acid catalysis. 

As shown earlier, the ionization of a tautomeric compound is facili¬ 
tated by both acid and base catalysts. The following general mechanism 
for the Knoevenagel reaction would indicate that bases would assist the 
ionization of a-hydrogen, and acids would act through oxonium ion for¬ 
mation, both assisting in the reaction: 

H 

I /Or + - 

R-C=0 + H.»CH ( COOC 2 H 5 ) 2 4—--- R 
~ dlethylmalonate 


± RCH=C(C00C2H5)2 + HOH 
alkyl Idene cllethylToalonate 


H H 

- C- C(C00C2H5) 2 

I 

OH 


12S 




Secondary amines, such as piperidine, exert a specific catalytic effect. 
This strongly suggests the formation of an alkylidene bisaraine as an 
intermediate, for bisamines are known to condense with activated methy¬ 
lene groups: 


H H 

I 1 

R —C = 0 + 2 R 2 NH i ..... Z ,* R—C{NR2) 2 + HOH 

alkylidene blsamlne 


^NR2 , + - 

R- CH +• H-*CH(C00C2H5)2 
'^NR2 


R—CH 


H 

I 

'NR2 
NR 2 


|^CH(C00C2H5) 2 


- R2NH 


—R 2NH 

R—CH-^C(C00C2H5) 2 iiZZZ^R— CH-CtCOOC2H5) 2 
NR2 H 

Each of the four steps would be facilitated by the presence of acids. This 
mechanism accounts for the specific catalytic effect of secondary amines. 
Tertiary amines cannot yield similar intermediates, and their salts prob¬ 
ably function only as acid catalysts: 


I f\ + 

R 0 4* R3NH 


R — C - OH 


+ R 3 N 


R—C — OH 


4 . 

+ H —CH(C00C2H5) 2 





H H 

in + , 

K~C-C(C00C2H5)2 + R 3 NH ^ RCH C( COOC 2 H 5 ) 2 + HOH 

I 

OH 


There is little evidence for the catalytic effect of primary amines in 
this reaction, and apparently they are the least effective. Interaction of 
a primary amine and an aldehyde may yield a Schiff base (RCH=NR). 
This need not necessarily prevent the addition of the active hydrogen 
compound, for it is known that such additions occur with some Schiff 
bases (66). For example, ethylmalonate adds readily to benzalaniline: 


n, 

C 6 H 5 CH- NC 6 H 5 + H CH(C00C2H5 ) 2^i==^C6H5CHCH(COOC2H5 ) 2 

4 - - I 

NHC 6 H 5 


Furthermore, a molecule of aniline may be split out of the addition 
product, thus yielding the expected end product of a Knoevenagel reac¬ 
tion: 


H 

C 6 H 5 CH —C(C00C2H5) 

I 

NHC 6 H 5 


C6H5CH=::C(C00C2H5) 2 + C 6 H 5 NH 2 
benzylldene dlethylmalonate 


While no extensive studies have been reported on addition reactions to 
various types of Schiff bases, it appears that addition takes place most 
readily with the monomeric type ArCH=NAr and least readily with 
other types which exist normally as polymers (67). These facts fit in 
rather well with the knowledge that, in general, primary amines are poor 
catalysts for the Knoevenagel reaction. 

V. Mannich reaction . This reaction usually involves the interaction 
of an aiaeliyde or ketone with formaldehyde and a primary or secondary 
amine. The amine is usually used as its hydrochloride. If the carbonyl 
compound is sufficiently acidic, it will act as an acid catalyst for the 
reaction and a free amine may be used in place of the hydrochloride. 
The reaction is least efficient with aldehydes since they compete with the 
formaldehyde for the amine: 
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C6H5COCH3 + CH20 + RNH2< 
acetophenone 


zd!!: C6H5COCH2CH2NHR + HOH 
’-alkylamlnoethyl phenyl ketone 


C6H5COCH3 -h CH20 -I- R2NH; iz±C6H5COCH2CH2NR2 4 - HOH 

^-dlalkylamlnoethyl phenyl ketone 

There appears to be a similarity between the Knoevenagel and Mannich 
reactions. While no mechanism has been established for the latter (68), 
the following are strongly indicated: 

(a) With primary amines 

H H H 

I rl I 

H- C-NR^ 5 =^H —C = NR + HOH 
OH 


-f 


H 

1 ^ 4 - 

h-c = nr 4 - h^ 


H 

I 

h - c - nhr 


h 

I - + 

H-C= 0 + RNH^H 
•+ - 


H- C—NHR 


+■ H-> CH2C0C6H5^;=^C6H5C0CH2CH2NHR + H 




The group —C=:N— is a polarized grouping similar to the carbonyl 
group and undergoes addition reactions through the functioning of an 
electromeric shift. 

Mayer (66) showed that acetophenone adds to benzalaniline: 

+- 

C6H5CH-NC6H5 + H CH2COC6H5 C6H5COCH2CHNHC6H5 

I 

C6H5 

j 3 - phe ny laTnlno-/?-ph en yl e t hyl 
phenyl ketone 

Mayer failed to note, however, that the reaction is acid catalyzed and does 
not take place unless a small amount of acid is present. Ethylacetoacetate 
and ethylmalonate add to benzalaniline without the addition of an acid 
catalyst. Evidently some prototropic compounds ionize sufficiently to 
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catalyze their own additions. This work suggests that the Mannich re¬ 
action consists of the addition of an active hydrogen compound to a 
Schiff base, in the cases where a primary amine is used. The reaction with 
formaldehyde is complicated by the fact that methylene amines have a 
marked tendency to polymerize, but otherwise the reactions appear to 
agree well with other known facts. 

(b) With secondary amines 


H 

I 

H —C = 0 + RzN ^ H ^ 


H 

^NR2 

H—C + HOH 

NR 2 


H 

I R2N^H 

± H-C — NR2 - 

OH 


H 

I /NR2 

n-c 4 - 

\ 

nr 2 

C6H5COCH2CH2NR2 + [R2NH2] 


n -r 


H—C 


/ 

\ 


NHR 2 


NR2 


H-^CH2C0C6H5 

-► 


In general, the Mannich reactions with secondary amines proceed more 
smoothly and are not complicated to as great an extent by the polymeriza¬ 
tion of the intermediates. There are several examples of the reaction of 
alkylidene bisamines with active hydrogen compounds reported in the 
literature (69). The above mechanism is in accord with the known facts. 

It will be noted that in both cases, (a) and (b), the reaction products 
may react further since they still possess active alpha hydrogen atoms 
(68). The observation that the reaction products have a tendency to 
split out a molecule of amine also agrees with similar acid-catalyzed 
reactions: 



C6H5COCH2CH2NR2 -h Hi 




C6H5COCH— CH2 


NHR 2 -► 


C6H5C0CHI:CH2 + 
phenyl vinyl ketone 



VI. Hydrogenation of aldehydes and ketones. Hydrogenation with 
molecular hydrogen in the presence of a catalyst (Pt, Pd, or Ni) leads to 
the formation of the corresponding alcohols: 

H 

I 

R-C=:0 + H 2 -► RCH 2 OH 

primary alcohol 

R2C = 0 -f H2 -► RCHOHR 

secondary alcohol 


There is little evidence for the exact course followed in these reactions. 
Theoretically the molecular hydrogen might be expected to react in one 


of two ways, H:H or 2H«. U atomic hydrogen is the active reagent, a 
radical mechanism would be involved and conditions would be favorable 
for pinacol formation as well as alcohol formation. Therefore it is postu¬ 
lated that it is the function of the catalyst, acting as an electrophilic 

agent, to activate the molecular hydrogen, H-4H-Pd: 


(CH3)2C=0 + —►CH 3 CHOHCH 3 


When the hydrogenation is carried out with atomic hydrogen (metals 
acids, sodium amalgam -f- water, etc.) a radical mechanism must be 
involved and as shown below may lead to an alcohol, a pinacol, or both: 


2(CH3) 2C: :0: + 2H 


2{CH3) 2 C—OH 


(CH3) 2C- C(CH3)2 


2(CH3) 2 CHOH 


OH OH 


The free radical may become electronically satisfied either by combining 
with another free radical or with an atom of hydrogen. The relative pro- 



portions of alcohol and pinacol formed depend on the experimental con¬ 
ditions used and the nature of the carbonyl compound. Aliphatic alde¬ 
hydes have little tendency to form pinacols. Aromatic aldehydes and 
ketones possess this tendency to a greater extent than their aliphatic 
analogs. 

The conversion of ketones to pinacols by treatment with amalgamated 
magnesium has the advantage of eliminating alcohol formation. This 
reaction must also follow a radical mechanism: 


2 (CH 3 ) 2 C: : 0 : 


> (CH3)2C- •C(CH3)2 



♦ 


2H0H 

(CH3)2C - C(CH3)2-►( CH3) 2C — C(CH3) 2 -f Mg(OH) 2 


0 



0 


OH OH 


magneslum 
plnacolate 


VII. Meerwein^ Verlev. and Ponndorf reaction . This is a very useful 
method for the reduction of aldehydes and ketones to the corresponding 
alcohols (70). The method originally consisted of treating an aldehyde 
with aluminum ethoxide in ethyl alcohol solution. The essential reaction 
may be shown as follows: 


RCHO ^ CH3CH20H;z=±RCH 20H -h CH3CHO 

For the reduction to approach completion, the oxidation product (acet¬ 
aldehyde) must be removed as formed, and this is accomplished by 
permitting the acetaldehyde to distil over during the reaction. Ponndorf 
showed that the method was more general when aluminum isopropox- 
ide was used in place of the ethoxide. With this reagent, both aldehydes 
and ketones may be reduced satisfactorily. This mild reduction reaction is 
applicable to both the aliphatic and aromatic series. The particular 
value of this method lies in its specific attack on carbonyl groups, and 
other reducible groups which may be present in the molecule are not 
affected. 

The mechanism for this reaction has not been definitely established. 
It is clear that the transfer of a hydrogen atom from the alkoxide or 
alcohol to the carbonyl compound is involved. It is probable that the 
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electrophilic aluminum alkoxide forms a bond with the electron-rich 
carbonyl oxygen atom with the formation of a carbonium ion: 

H 

I 

R-C = 0 + A 1 ( 0 R )3 

I 


R-C- 0 -A 1 ( 0 R )3 


-h 


It may be further assumed that the electron-poor carbon atom in the 
carbonium ion is the attracting force for the transfer of a hydrion (H*") 
from the reagent to the carbonium carbon atom. It has been assumed 
by some (70) that the aluminum derivative of a hemiacetal is an inter¬ 
mediate in the reaction: 


R-C 


\ 


.0-R 

O--Al(OR)^ 
II 


There is no doubt concerning the possibility that such a compound may 
be formed, but it is not likely that it is a necessary intermediate for the 
reaction since it does not contain an active center (or motivating force) 
to induce the transfer of a hydrion. 

It seems more probable that the carbonium ion (I) is the necessary 
intermediate. The latter also explains the formation of side-reaction 
products which have been observed in these reductions. For example, an 
aldol condensation may occur between two aldehyde molecules: 


RCH2-C 

4 - 




O-Al(OR)3 


4 * 

+ H 


H 

- I 

.cH-c=o 

I 

R 


H 

I 

RCH 2 CH 0 HCHC =0 -(-A 1 ( 0 R )3 
R 


ISO 



The use of one equivalent or more of the aluminum alkoxide usually 
results in the formation of better yields of the reduction product and less 
of the side-reaction products. This would be expected since the aldehyde 
would be more completely tied up as the aluminum-addition product. 

The above intermediate also explains the polymerization of the alde¬ 
hyde component which has been observed in some cases: 

H H H 

, 0-A1(0R)3 I ^ , 0~A1(0R)3 

R-C^ + R-C“0 -► R-cf 

+ + “ 0-CH-R -► 

•f 

The use of excess reagent would be expected to reduce polymer formation 
for the same reason as noted above. 

The Tischtschenko reaction may also occur to some extent (sec p. 1:^9): 


H 

r±R-C^ 

\ 

0-A1(0R)3 

" H H 

r-C-O-C-R 

1^ 

0-A1(0R)3_ 

This reaction takes place best in aromatic hydrocarbon solvents. Here 
again an excess of the reagent might be expected to minimize this side 
reaction by tying up the aldehyde in the form of an addition product. 

A mechanism which appears to be in accord with experimental evi¬ 
dence may be written as follows: 


H 

I ♦ 

R-CH2-C~0 + A1(0C3H7)3 i 
+ 


RCH2-C-0> 
.w-h 

: H 

■''t 

CH3-C-0 


A1(0C3H7)2 


+ 0 
II 

- > R-C- 0 CH 2 R 4- A 1 { 0 R )3 


H 

I a 

R-C=p + Al(OR) 3 i 
+ 


H 

rv 

R-C = 0 

~ 


CH 3 


♦ RCH2CH20-A1(0C3H7) 2 + (CH 3 ) 2 C = 0 


U1 



In the above mechanism it is assumed that the addition of the electro¬ 
philic aluminum alkoxide makes the carbonyl carbon atom sufficiently 
positive to attract a hydride ion from an isopropoxide group. This mech¬ 
anism offers a plausible explanation for the fact that in general the reac¬ 
tion proceeds more rapidly when aluminum isopropoxide is used, and 
better yields are usually obtained. The abstraction of a hydride ion from 
isopropyl alcohol or from the isopropoxide group would be facilitated by 
the electron-release effects present in the molecule: 


CH 3 


H 

►c^Q-h 

t 

CH3 


The Oppenauer oxidation of a secondary alcohol to the corresponding 
ketone (71) is simply the reversal of the aluminum alkoxide—ketone re¬ 
action. A large excess of ketone, usually acetone or cyclohexanone, is used 
to effect the reversal. 

VIII. Halogenation of aldehydes and ketones. The direct action of a 
halogen on an aldehyde or ketone results in the replacement of one or 
more hydrogen atoms attached to an alpha carbon atom. The reactions 
are catalyzed by both acids and bases and the observed velocity is that of 
the ionization of hydrogen. The chief function of the catalyst is to in¬ 
crease the rate of the initial ionization. 

The base-catalyzed bromination of acetone may be shown as follows: 


0 O’N.- + - 

II I \ + Br-^Br 

CH3- C-CH2-~H B 4 . CH3- C — CH2 -h BH -► 


0 

II 

CH3~- C^ClizBr -f Br 
bromoacetone 


It is not necessary to postulate the formation of a neutral enol form as 
an intermediate in base-catalyzed halogenation. The formation of di- and 
tribromo derivatives subsequently proceeds along similar lines. 

In acid-catalyzed halogenation, the enol form may be the intermediate: 


in 




CH3~ C~ CH3 -f 
-I- 


OH 



CH3- C-CH2~H 


■f 


. OH + - 

-H I ^ Br-^Br 

4=^ CH3--C=CH2 -► 


0 -H 0 

1 -^ II 

CH3 —C“CH2Br-►CH3-~ C —CH2Br -f- HBr 

I 

3 r 


In this case the rnonobromo derivative may be readily isolated. It does 
not seem necessary that both bromine atoms add to the enol form. The 
last step may well take place as follows: 


0—H 

1^^ 


CU3—C = CK2 + Br-4Br 


CH3COCH2Br + HBr 


This would involve the initial addition of a positive bromine, similar to 
the addition of bromine to an olefin bond. Aromatic ketones of the type 
ArCOR behave similarly. 

The haloform reaction is an important application of base-catalyzed 
halogenation. In the case of acetone, a trihalogen derivative is formed, 
which under the influence of the base cleaves to give a haloform and an 
acetate: 




l3C-~C --CH3 -f OH- 

"f* 


trl-lodoacetone 


l3C< 


K 

C— CH 3 
O^H 


0 

// - 

► CHI3 •+■ CH3C -0 
Iodoform 


That the combined electron-attracting effects of the three halogen atoms 
facilitates the splitting off of the —group has been demonstrated by 
Houben and Fischer (72) who converted trichloromethyl ketones to 
esters by treatment with alcohols in the presence of basic catalysts: 


IBS 



CI 3 C-C-R +0R-► 

+ 


CI 3 C C-R 


OR 


- «► 

RO^H 


R-C-OR+ CHCI 3 + OR 


This tendency is shown also in the conversion of esters of trichloroacetic 
acid into carbonates by reaction with alcohols (73): 


^0 

^11 

Cl3C-C_0R -f OR- 


CI 3 C 




C-OR 


OR 


R 0 


+ 

H 


0 

II 

R-.0-.C-0-R + CHCI 3 + OR 

It has been shown more recently (74) that methyl esters may be obtained 
in the haloform reaction, when carried out in methanol solution. 

The cleavage of the C1.,C group is brought about by its electron-attract¬ 
ing effect. It is important to note, however, that it is facilitated by the 
addition of the anion to the carbonyl carbon atom. Cleavage can take 
place after this addition without leaving an electron deficiency on this 
carbon, for the latter can acquire a share in a pair of electrons from the 
electron-rich oxygen atom. In other words the electromeric shift from oxy¬ 
gen acts to reinforce the inductive effect of the CI 3 C group and cleavage 
results. 

IX. Reactions characteristic of aldehydes. Polymerization. Polymer¬ 
ization of aliphatic aldehydes undoubtedly is initiated by the dipole char¬ 
acter of the carbonyl group. This provides the necessary positive and neg¬ 
ative centers for the formation of carbon-oxygen linkages; 


H H H H 

I . I /> I I « 

— C=0^- C=:0-► 0 etc. 

-f - 4- + 
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This process may result in the formation of a large linear polymer or 
a smaller cyclic polymer. A variety of reagents will induce polymerization. 
Small amounts of strong acids such as hydrogen chloride or sulfuric acid 
are effective catalysts. It is probable that these reagents facilitate the 
necessary polarization of the carbonyl group but lack the ability to form 
stable addition products. The extent of polymerization appears to be 
greatly affected by the temperature at which the reaction is carried out. 

The mechanism is probably not as simple in all cases as indicated. It 
has been suggested (75) that the primary reaction is the hydration of the 
aldehyde, when carried out in aqueous solution. However, the following 
example appears to present the essential features of the reaction: 


H 


CH3- 


I O 

C= 0 


H 

O 1 

oz: c- CH3 


lO + 

one --CH3 



0-'CHCH3 

O 

0 ~CHCH 3 


H 


paraldehyde 


Aldehyde polymerizations are reversible reactions, but under the con¬ 
ditions noted above the equilibria are usually greatly in favor of polymer 
formation. Such polymers may be kept for a long time in the absence of 
a catalyst. When paraldehyde is heated with dilute acids and the liber¬ 
ated aldehyde permitted to escape, depolymerization is complete. The 
following mechanism (76) illustrates depolymerization: 



O-CHCH3 


CH3CH 


■0~CHCH3 


4 

3H 


H 



H H 


4 


“3H 




H 

3CH 2= CHOH 3 CH 3-C —0 
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The oxygen atoms are the points of attack for the protons. The course of 
reaction may proceed through three consecutive attacks of a single proton, 
or three protons may react simultaneously as shown above. The attach¬ 
ment of the protons produces an electron displacement away from carbon 
and thus weakens the carbon-to-oxygen bonds. 

Ketones do not polymerize under the conditions noted above. This may 
be attributed to the fact that the electron-release effects of the two alkyl 
groups attached to the carbonyl carbon atom, while assisting the polariza¬ 
tion of the carbonyl group, would actually hinder the approach of the 
nucleophilic reagent to the carbon. 

Acetal formation. The reaction of an aldehyde with an alcohol to form 
an acetal is catalyzed by acids and may be effected by hydrogen chloride 
or by certain salts such as lithium chloride, calcium chloride, and ferric 
chloride (77). The reactions are reversible and the yields may be in¬ 
creased by the use of excess alcohol. A hemiacetal is thought to be formed 
first and further reaction with the alcohol then yields the acetal. It seems 
logical to assume that the mechanism must be similar to that involved 
in other acid-catalyzed etherifications: 


H 

I 

CH3—c = o, 

+ - 


CH 3 — C — OH 


- + 

C2H50*H 


H 

I 

CH3—c —OH -f- H 

I 

OC2H5 

hemiacetal 


H H 

I I 

CH3 —C—►O —H 

I 

OC 2H 5 


— 4 

C 2 H 50 +-H 


H 

i/OC2H5 + 

CH3 —C + H -j- HOH 

'^0C2H5 
acetal 


The hemiacetals, with few exceptions, cannot be isolated. 

The hydrolysis of acetals by dilute acids has been studied by several 
workers. It is believed that the hydrolysis proceeds through initial ox- 
onium ion formation and carbonium ions are formed as intermediates 
(76). The above mechanism is in accord with these conclusions. 
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Ketones do not give acetals under the conditions noted above. 

X. Reactions of aldehydes which have no alpha hydrogen atoms. 
Aldehydes of this type in general give the characteristic aldehyde reactions 
which do not involve ionizable hydrogen. This lack of alpha hydrogen 
often makes unusual reactions possible. For example, such aldehydes 
when treated with strong solutions of sodium or pojtassium hydroxide 
give rise to an oxidation and reduction known as the Cam iizzaro reactio n: 


H 

I 

0 + NaOH -►CH 3 OH + H —C -ONa 

sodium formate 


The reaction is known to involve the direct transfer of a hydrogen atom 
from one aldehyde molecule to another (78). It is the function of the 
base to furnish the nucleophilic hydroxyl ion for addition to the carbon 
atom of the carbonyl group. A mechanism which is consistent with the 
above data as well as with kinetic data has been given by Hammett (22) 
for formaldehyde: 


H 

I r> 

R ~C ~ 0 4- 
+ 


OH 


H - H 

_^ I _ OH I « 

R-C-0^^ R-C-O + HOH 
I I 

0—H 0 


H H 

t A I ^ 

R- C~0 + R-C^O 


0 


H 

- I - 

RC- 0 4- R~ C~ 0 

I 

H 


H 

I - 

R“-C“-o4 h~*-oh —► 
I 

H 


RCH 2 OH 4 OH 


It is stated that the release of the negative hydrogen ion (hydride ion) is 
due to the high concentration of negative charge on the anion formed in 
the second step. 

I 
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A recent paper by Alexander (79) has shed considerable light on the 
mechanism of the Cannizzaro reaction as applied to aromatic aldehydes. 
Tommila (80) had previously shown that with benzaldehyde and substi¬ 
tuted benzaldehydes the reactions are third-order reactions and the re¬ 
action rate is given by the equation, rate — k (ArCHO) Lachman 

at an earlier date isolated benzyl benzoate from the Cannizzaro reaction 
with benzaldehyde by avoiding the use of excess alkali. Alexander has 
further shown, contrary to common belief, that the hydrolysis of benzyl 
benzoate proceeds under the same conditions at a faster rate than the 
Cannizzaro reaction. He concludes therefore that any mechanism must 
at least permit the formation of benzyl benzoate. The following mech¬ 
anism was proposed as being in accord with much of the data: 


lOi 

Arc = 0 + OH 
-f 


f I rv 

’ _ Arc = 0 
ArC-0 ~ 


H 

I 1^ 
ArC-O-CAr 

OH H 


HO 0 

! II - fast II _ 

ArC-O-CAr + OH -► ArCH20H+ ArC-0 

I 

H 

ester 

It is theoretically possible that the hydrogen transfer might occur through 
an intermolecular shift rather than an intramolecular shift as shown 
above. However, the data in this paper indicate that an intramolecular 
shift is more probable. 

Aldehydes which have two hydrogen atoms on the alpha carbon atom 
tend to give only the aldol type of condensation, those with no alpha 
hydrogen give the Cannizzaro reaction, while the aldehydes possessing 
only one alpha hydrogen may give both reactions. 

It is interesting to note that formaldehyde when treated with dilute 
bases such as calcium hydroxide solution yields isolable quantities of 
hexoses. Obviously, a different mechanism must be involved here: 

H H H 

I a , 4 I 

H—C = 0-f-H-C=0 -► CH 2 OH—C = 0 

+ - 

A continuation of this process could yield a hexose, CH„OH(CHOH)j 
H 

I 

CzrO. This resembles an aldol condensation except that the mobile hy- 
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drogen atom comes from an aldehyde group rather than from an alpha 
carbon atom. 

XI. Reactions of aromatic aldehydes. In general they behave like 
the aliphatic aldehydes which have no alpha hydrogen, although there 
are a few outstanding differences. They undergo the Cannizzaro reaction 

H 

2C6H5C = 0 + NaOH-►C 6 H 5 CH 2 OH + CeHeC-ONa 

benzyl alcohol sodium benzoate 

but they show little tendency to polymerize. 

Aromatic aldehydes are converted into esters by the action of sodium 
alkoxides: 

H 

I 

2C6H5C = 0 -► C 6 H 5 C-0-CH 2 C 6 H 5 ' 

benzylbenzoate 

The reaction is probably closely related to the Cannizzaro reaction and 
may be illustrated as follows: 

H H 

I rv _ I _ C6H5C = 0 

C6H5C = 0 + OC 2 H 5 :sr:±C6H5C-o - 

^ ■ I 

OC 2 H 5 


H H 

It 

CsHsC-O-C C 6 H 5 -► C 6 H 5 C-O-CH 2 C 6 H 5 +OC 2 H 5 

4r benzylbenzoate 

OC 2 H 5 0 ^ 

The Tischtschenko reaction is the best method for converting aliphatic 
aldehydes to esters. This consists of treating the aldehyde with aluminum 
cthoxide in an inert solvent such as xylene. It is believed by some that 
this reaction follows a different course than the one described above: 


H H t 

I I . R-nzzo 

R~-C = 0 +A1(0R)3 R —C ^ 7 — . 

'^0-A1(0R)3 

H 

I . + /P 

R-C —H -j-R —C = 0-► R-C-O-CH 2 R + A1(0R)3 

'^04—A1(0R)3 
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Here it is assumed that the addition of the electrophilic aluminum eth- 
oxide to the carbonyl oxygen makes the carbonyl carbon atom sufficiently 
positive to attract a hydride ion from another molecule of aldehyde (22). 
It is probable that this reaction also involves an intramolecular transfer 
of hydrogen rather than an intermolecular transfer (81): 


R-C'*' 4- R-C=0 

I “ 

0-A1(0R)3 


H 

t’—% + 

R-C-O-C-R-► 

I I 

h "" 

O^AK OR) 3 


0 

II 

r_.C-0-CH2R + A1(0R)3 


The Benzoin and Perkin reactions are highly characteristic for aro¬ 
matic aldehydes. The benzoin condensation is catalyzed by potassium 
cyanide. Furthermore, the cyanide ion is known to be a specific catalyst 
for the reaction. The reaction is initiated by the nucleophilic attack of 
the cyanide ion and the transfer of hydrogen from one molecule of the 
aldehyde to another is also involved. The course of the reaction has been 
formulated as follows: 

H 

I m 
C6H5C = 0 

•f - 


n ~ u 

I CN t ^ 

C6H5C~0 C 6 H 5 C-O 

' I 

CN 



OH 


C6H5—c—-c — CeHs 

I I 

CN H 


C 6 H 5 COCHOHC 6 H 5 + CN 
benzoin 


Unlike the Cannizzaro reaction, the benzoin condensation involves the 
transfer of a proton and the formation of a carbon-to-carbon bond. The 
electron-attracting cyanide group would facilitate the formation of a 
proton from the alpha position (2d step) as well as its own elimination 
in the final step. 

The Perkin condensation involves the interaction of an aromatic alde¬ 
hyde, an acid anhydride, and the sodium salt of the corresponding acid 
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(82). Perkin thought that tlie reaction takes place between the aldehyde 
and the anhydride: 

H 

C6H5C= 0 + (CH3CO) 2O + (CH3C - ONa) -► 

benzaldehyde acetic 
anhydride 


C6H5CHZ CH —C"^- OH +CH3C^— OH 
cinnamic acid 

His early views have been confirmed and it is known that the sodium 
acetate functions as a basic catalyst. The real catalyst is the anion, and 
it may be replaced by the anions of other weak acids. The efficiency of 
the catalyst is related to its basic strength and when sodium acetate is 
replaced by potassium carbonate, the necessary time of heating is greatly 
reduced. The reaction consists of an aldol-type addition of the anhydride 
to the carbonyl group of the aldehyde, and the catalyst assists tfce ioniza¬ 
tion of the alpha hydrogen as well as the polarization of the carbonyl 
group: 

0 

H . - II 

1 rV H--CH2-C 

C6H5C = 0+ Oi 

■ CH3 —c'' 

II 

0 


0 

II 

C6H5CH=CH —C + 

^0 + H -► OH-► 

^3-0^^ 

II 

0 

acetic cinnamic anhydride 


H H 


0 


C6H5C —CH-~ C 

OH CH3~C^ 

il 

0 


0 0 

// // 

C6H5CH=CHC ~ OH + CH3C-OH 


The splitting out of water in the second step is typical of compounds 
containing the hydroxyl group in a /3* position to a carl)onyl group, llie 
last step is the hydrolysis of a mixed anhydride. 
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This mechanism may also be applied to other known reactions which 
are similar to the Perkin reaction. For example, Kato (88) observed that 
acid chlorides of the type RCH.^COCl react with benzaldehyde in the 
presence of triethylamine to yield substituted cinnamic acids: 


H H"*" 

I ^ ♦ ^0 

C 6 H 5 C= 0 + R-CH—C -Cl 


H H 


Ifl //° 

C6H5- c-c-c— Cl-► 

I I 


OH R 


C6H5CH C -C — Cl -f- H 

I 


OH -► C6H5CH = C—C — OH + HCl 

I 

R 


XII. Beckmann rearrangement. The conversion of aliphatic or aro¬ 
matic ketoximes into isomeric acid amides 


R 

R 


^C = N0H 


0 

// 

R —C — NHR 


is caused by a variety of reagents: phosphorus pentachloride, phosphorus 
oxychloride, acetyl chloride, benzenesulfonyl chloride, sulfuric acid, hy¬ 
drochloric acid, etc. In general the reagents used are acidic in character. 
The change is commonly carried out in dry ether under the influence of 
phosphorus pentachloride. Isomeric ketoximes (syn and anti) rearrange 
to give different amides. For a time it was assumed that the radical near¬ 
est to the hydroxyl group would change places with the hydroxyl (cis in¬ 
terchange) . Since 1921, a large amount of evidence has been accumulated 
which definitely points to a trans interchange of groups. 

The initial function of the catalyst is to convert the oxime into an 
ester, a salt, or both. Kuhara (84) has shown that the acyl derivatives of 
the oximes undergo the change and the velocity of the rearrangement in¬ 
creases as the anionic stability of the acyloxy group increases. He further 
noted that in the rearrangement of benzophenone oxime, effected by acyl 
chlorides, the velocity increased as the electron-attracting character of 
the acyl group increased (as shown by the dissociation constants of the 
corresponding acids): 

C6H5S02C1 \ CH2CICOC1 ') CH3COC1 
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The benzenesulfonate rearranges on heating or even on standing to an 
oil which may then be hydrolyzed to benzanilide: 


C6H5. C6H5 . HCl 

^C = N0S02C6H5 -► ^C=:NC6H5-► 

C6H5S020'^ 


C6H5C — 


NHC6H5 + C6H5S02C1 


The acetate, however, rearranges only in the presence of hydrogen chlor¬ 
ide. This indicates that the esters of weak acids rearrange only when in 
the form of a cation: 


C 6 H 5 . 0. 4- 

^ N —0-~CCH3-|- HCl 


C 6 H 5 


\_ 


C=N ~0 —CCH3 


C6H5' 


Cl 


C 6 H 5 




C = NC6H5 


CH 3 C- 0 


ci- 


0 0 
C6H5C-NHC6H5 +CH3C —Cl 


Chapman (85) has confirmed and extended the above findings. He noted 
that the picryl ethers of oximes, K.jC=:=^N —(NO,).^, rearrange on 
heating. It is probable that the rearrangement is initiated by the tendency 
of the OX group (R 2 C=NOX) to dissociate as an anion. It has been 
shown (86) that the rearrangement of an optically active ketoxime does 
not result in the disappearance of optical activity and hence there is no 
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reason to believe that the migrating groups are free at any time. Watson 
(87) has written an electronic mechanism for the rearrangement which 
is in accord with the experimental facts: 


R 


R 


\ 

C = N 


ox- 




C~ NR 


X -0 


R 


H 


\ _ i 


RC—NHR + X 


R 




II = oh: 


R 


/ 


R 


H 

\ f>l 

C:=:N“ 


OH 


H 


R. 


^0= N—R 


+ 


A , + 

-► RC — NHR + H 


In the rearrangement of the oxime ester type (I), the electron attraction 
of the OX group initiates the electron displacements necessary for the 
rearrangement. In some cases, as with the esters of weak acids, the electron 
attraction of the OX group is not great enough to cause the change except 
in the presence of an acid such as hydrogen chloride which contributes a 
proton to the nitrogen atom. The electron attraction of the coordinated 
proton then initiates the electronic changes just as it does in the rear¬ 
rangement of oximes with acids alone (II). 

This mechanism not only agrees with the experimental facts but gives 
a basis for the functions of the various catalysts which may be used to 
produce the change. The N-ethers of aldoximes give the rearrangement 
and a few aldoximes have been reported to give the change. 
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CHAPTER XV 


Reactions of a, ^-Uitsaturated Aldehydes 
and Ketones 


These compounds possess an olefin linkage and a carbonyl group so 

III 

situated that they form a conjugated system, —C—C—Ci=:0. Their chief 
reactions are addition reactions which are complicated by the fact that 
some reagents add to the carbonyl group, some add to the olefin linkage, 
and others add 1,4 to the conjugated system. These reactions are best 
approached by considering the electronic systems of the unsaturated car¬ 
bonyl compounds and the nature of the reagents which undergo addition 
to such systems. The dipolar carbonyl group, while also retaining its 
normal tendency to undergo addition reactions in some cases, exerts an 
electron-attracting effect on the rest of the molecule. Most of the reactions 
of these compounds may be explained on the basis of these two effects 
which are induced or enhanced by the approach of a suitable reagent. 
Whether 1,2- or 1,4- addition occurs appears to be largely determined by 
the nature of the reagent and the structure of the carbonyl compound. 

Grignard reagents usually add 1,2- to a, ^-unsaturated aldehydes. 


H 


I /^/ 

C6H5CHirCH— C= 0 + R 


clnnamldehyde 



CeHsCHUCH —C 




\ 


OMgX 

R 


Hydrolysis of the addition product yields an unsaturated alcohol. An ex¬ 
ception to this mode of addition is the 1,4- addition of tertiary butyl 
magnesium chloride or tertiary amyl magnesium chloride to crotonalde- 
hyde (88): 


CH3- 



(CH3)3C 


MgCl- 
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CH3-~CH—CH= C —OMgCl 
(CH3)3C 




It will be noted that Grignard reagents of the type R.,CMgX would be 
less reactive than RgCHMgX and RCHgMgX. Because of the greater 
electron-release effect of the three alkyl groups, the tendency to produce 
the necessary polarization for the reaction would be greatly reduced. 

a,/?-Unsaturated ketones react with Grignard reagents to form un¬ 
saturated alcohols (1,2- addition), saturated ketones (1,4- addition), or 
both: 


CH, CHi 

C 6 H 5 CH=CH-C = 0-f R*- MgX-►C eH 5 CH = CH—C-OMgX 

benzalacetone + — - + | 

R 


CHj CH, 

I I 

C6H5CH = CH —C = 0 + R MgX-►C 6 H 5 CH- CH=C —OMgX 

+ - - + I 

R 

It is easy to see how either 1,2- or 1,4- addition might occur, but it is 
more difficult to understand the difference in behavior of the a,p-un- 
saturated aldehydes and ketones. It is probable that this difference is 
due to the nature of the groups which are attached to the carbonyl car¬ 
bon atom. There is evidence for this in the following examples (89): 


C6H5CH:=:CHC0CH3 


C6H5CH=:CHC0CH 2 CH 3 


C6H5CHZ:CHC0CH(CH3) 2 



% 1,4-addition 

C6H5MgBr 

- ^ 

12 

C2H5MgBr 

60 

C 6H sMg Br 

40 

C 2H sWgBr 

-► 

71 

C 6H sMgBr 

88 

C 2 H 5 MgBr 

-► 

100 

C6H8MgBr 

100 

C 2 H 5MgBr 

100 


C6H5CH:i:CHCOC(CH3 >3 



C6H5CHIICHCOC6H5 


C 6H 

-^—► 

C 2H5MgBr 


C6H5) 2C ZCHCOC6H5 


CaHsMgBr 


C 2H5MgBr 


Steric hindrance appears to offer a possible explanation of the results 
shown above. It might be assumed that with increasing steric hindrance 
around the carbonyl group, 1,2- addition is retarded or prevented, and as 
a result 1,4- addition is facilitated. However, there is little evidence to 
support the contention that the rate of addition to the carbonyl group 
is regulated entirely by steric hindrance. 

The fact that the a,/3-unsaturated ketones exhibit the greatest tendency 
to undergo 1,4- addition with RMgX suggests another possible factor. T he 
electron-release effects of the two radicals attached to the carbonyl group 
in a ketone while assisting the polarization of the carbonyl group might 
actually lower the attraction between the carbonyl carbon atom and the 
approaching carbanion ion, thus serving to slow down 1,2- addition and 
favoring 1,4- addition. Gilman and Kirby (90) have studied the reactions 
of benzalacetophenone with several phenylmetallic compounds and noted 
that the extent of 1,4- addition nureased as the leactivity of the metallo 
compound decreased. It was found that only 1,2- addition resulted with 
the very active compounds, diphenylcalcium and phenylpotassium. This 
evidence appears to support the second effect rather than steric hindrance. 
It is possible that both effects may be involved. 

A “cyclic” mechanism may also be used to explain 1,4- additions to 
a,^-unsaturated ketones. This mechanism involves the assumption that 
an unstable or ephemeral ring structure is a necessary intermediate for 
the reaction (91). Its structure is such that the electromeric shifts, neces¬ 
sary for the formation of the 1,4- addition product, should readily occur: 


C6H5-<CH 


C6H5CH 


+ R 4 - MgX- 


CH ,0 




C6H5CH-CH= C-OMgX 

I 

CH3 


C6H5CHCH2COCH3 
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This mechanism is an attractive one but more evidence is required before 
it can be stated definitely that it is the only mechanism involved in the 
1,4" addition of Grignard reagents and other reagents to a,j8-unsaturated 
ketones. In many cases 1,1- addition is accompanied by 1,2- addition. The 
latter obviously cannot proceed by way of the “cyclic" mechanism. It may 
involve an “ionic" mechanism as shown earlier in the chapter or a co¬ 
ordination complex may be the initial intermediate in the reaction (91) : 


I ' - + 

C6H5CH=CH—0=0 -f R4-MgX 


-4 C6H5CH=CH 



H 

-► C6H5CH=CH—-C—0 —MgX 

R 

The formation of such a complex would facilitate the electromeric shift 
in the carbonyl group, which in turn might be expected to promote the 
a,y-shift of the alkyl group from magnesium to carbon. 

It is possible to write “cyclic" mechanisms for many other reactions, 
but the mere fact that they may appear to be reasonable is not sufficient 
reason for their general adoption at the present time. It is interesting to 
note that regardless of the mechanism used the same fundamental princi¬ 
ple is involved, namely, the union of positive centers with negative ones. 
The forces which initiate the reaction may be fractional charges but un¬ 
der certain conditions may be essentially ionic charges. The over-all re¬ 
sult is the cleavage of some bonds and the formation of new ones. These 
may be predicted qualitatively by applying the principles discussed on 
pages 12 and 58. 

Hydrogen cyanide adds normally (1,2) to a,^-unsaturated aldehydes 
but adds 1,4 to a,^-unsaturated ketones: 

C6H5CH = CHC0C6H5 + HCN-► 

benzaiacetophenone 


0-H 

C6H5CH-CJ = G- C 6 H 5 


CN 


4 C6H5CHCH2COC6H5 

I 

CN 

1- cyano-1-phenyl- 

2- benz oyle thane 
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Here, again, the approach of the cyanide ion to the carbonyl carbon atom 
is retarded either because of steric hindrance or by the electron-release 
effect of the two radicals attached to the carbonyl carbon atom. The lat¬ 
ter effect seems more probable in this case. 

a,j3-Unsaturated aldehydes react with excess sodium bisulfite to form 
the sodium salts of disulfonic acids: 

H 


H - 
Na"^ 


C6H5CH=:CH—C: 




■0 + 


: 0 :S: 0 : 

“: 0 :“ 


C6H5- 


H 

ir\ I 

-CH —CH—c — 0 -H- 


S020Na 


H H 

I ^ NaHS03 I 

C6H5CH —CH2 —C = 0 ^ » C6H5CH-CH2-C —OH 

S020Na S020Na io20Na 

H 

I I 

The —CH—SOjONa bond is relatively stable compared with —C—OH and 

SO,ONa 

consequently would be expected to be formed. The reaction then involves 
a 1,4- addition followed by tautomerization of the enol to the keto form 
and subsequent addition of a second molecule of sodium bisulfite to the 
carbonyl gjroup. Although sodium bisulfite usually adds (1,2) only to 
saturated methyl ketones, it adds (1,4) to many a,y3-unsaturated ketones: 


C 6 H 5 CH=CH — CC6H5 + NaHS03 


0 -H 
IT^ 1-^ 

C6H5CH—CH=CC 6 H 5 
i 

S020Na 


C6H5CHCH2COC6H5 

I 

SO 20Na 
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The hydrogen halides add 1,4 to many a,jS-unsaturated aldehydes and 
ketones: 


H 

I /-> 

CH2 = CH-~C = 0 + 
+ — 
•acrolein 


H Br 


,r-x I ^ I 

CHzBr -CH =C —0-H -► CH 2 BrCH 2 C = 0 

3-bromopropana1 


C 6 H 5 

^ I , 

C6H5CH=:C‘i— C=0 -h H -* Cl 

+ - + - 


C 6 H 5 

I 

C 6 H 5 CHCI - CH = C - 0 - H-►C 6 H 5 CHCICH 2 COC 6 H 5 

1- K)hlorO“l-phenyl- 

2- benz.oyle thane 

The 1,2- addition of HX would scarcely be expected because of the in¬ 
stability of such an addition product. 

Halogens add to the olefin bond (3,4) in the normal manner: 

H 

I 

♦ C6H5CHC1CHC1C=0 
S-dIchior0-3-phenyl 
propanal 

The reactions of the a,^-unsaturated aldehydes and ketones with the 
common carbonyl reagents, hydroxylamine, phenylhydrazine, and semi- 
carbazone usually give the expected oximes, phenylhydrazones, and semi- 
carbazones, when carried out in acid solution. In neutral or alkaline 
solution, all of the possible addition reactions may occur. 

Michael reaction. A . large number of compounds containing active 
H 

I 

hydrogen of the type —C—X, where X ~ COOR, COR, CN, NOj, etc.. 


H 

I + - 

C6H5CH=CH —C —0 + C1->C1 
+ 


150 



will add to a,^-unsaturated carbonyl compounds in the presence of basic 
catalysts. There must be at least one hydrogen attached to the a-carbon 
atom and the X group must be an electron-attracting group. The catalyst 
is often sodium ethoxide either in dry alcohol or suspended in dry ether 
or benzene. Organic bases such as piperidine or diethylamine are also 
used. 

With a,^-unsaturated aldehydes, the normal aldol type of condensa¬ 
tion occurs: 


H 

I /> 

RCH = CH—C = 0 -f H-» CH(C00C2H5) 2 
dlethylmalonate 


OH 

t 

rCH=CH —CH- 


H 




-C(C00C2H5 )2 


RCH = CH —CH=:C(C00C2H5) 2 -f- HOH 


However, these reagents add 1,4 to a,j8-unsaturated ketones. It is the 
function of the basic catalyst to facilitate the ionization of the proton 
from the reagent and to facilitate the electron displacements in the un¬ 
saturated ketone (92): 


C6H5 

I r~* 

C<H 5 CH = CH- c = o 


+ 


CH(C00C2H5 )2 


C 6 H 5 

1 

C(5HsCH-CH=C—0—H 


C 6 H 5 CHCH 2 COC 6 H 5 


CH(C0CK:2H5) 2 CH(C0CX;2H5) 2 


The reversibility of this reaction has been definitely established. Usually 
the reaction proceeds as shown above when only a small amount of cata¬ 
lyst is used. When an equivalent of sodium ethoxide is used, however, 
secondary reactions have been observed (93). 
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CHAPTER XVI 


Reactions of Dialdehydes and Diketones 


Glyoxal, the simplest dialdehyde, normally exists as a polymer. The 
monomeric form may be obtained from the polymer by distillation. 
Glyoxal gives many of the usual aldehyde reactions, that is, it reacts with 
two moles of sodium bisulfite, forms a dioxime and a diphenylhydrazone, 
reduces ammoniacal silver solution, and undergoes the Cannizzaro re¬ 
action: 


H H 


0 = C~C = 0+ KOH 


■►CH 2 OHC - OK 
potassium f^lycolate 


The mechanisms involved in these reactions are similar to those noted 
previously for the simple aldehydes. 

Glyoxal often undergoes chemical reactions with the formation of 
heterocyclic compounds. For example, with ammonia and formaldehyde, 
it yields imidazole (glyoxaline). The mechanism may be shown as fol¬ 
lows: 


HC=0 

+ 2 m — 

HC=0 HC=zNH 


HC = NH 

I ^ 2H0H 


HC = NH 


HC = N4- H 


H 

I 

+ H-C=0^ 


+ 


hc=nh h 

“K r 

HC=N—CHOH 


HC—N4-H 
-► II - + 


' II ^ 

HC—N = CHOH 


HC —NH H HC—NH. 

N/ —> II 

Hc —^oh hc— 


With o-phenylenediamine, glyoxal forms quinoxaline: 


152 




- 

HC = 0 
HC = 0 


H 




4 “ 2H0H 


The above courses of reaction are strongly indicated since they are quite 
similar to other ortho condensations which lead to the formation of 
heterocyclic compounds ( 94 ) by such paths. For example, phenanthra- 
quinone reacts with ammonia and aldehydes to form 2 -substituted phe- 
nanthriniida/oles. it has been shown that phenanihraquinone di-imine is 
an intermediate in these reactions ( 95 ). The di-imine can be isolated as 
its acetate, and the latter when treated with aldehydes gives excellent 
yields of phenanthriniida/oles. Foi these reactions the following mecha¬ 
nism appears to be well established: 




C = 0 

: = o 




/ 


(1) c = nh 
-j- 2NH3 - * 1 -f- 2H0H 

C= W 


\ \ A 

C = NH C = NH 

C 5C — 0 ^ - 

C=N-«—H 

/ - + / 


OH 


I 

C = N —c —CeHs 

^1 


(3) 


\ 


c- 

II 

c- 


/ 


■NH 

0 

-N 


+ 

H 


\ 

c c' 


,C6H5 


OH (4) V- ^ ■^OH 

C-C6H5 II K 

+ -N-H 


(5) 


15S 



H 

^C-C6Hs 

II II -f- HOH 

c-N 

/ 

The first step represents the usual aidol-type addition of ammonia to 
carbonyl groups. The second step consists of an aldol-type addition of 
the di-imine to the aldehyde. The resulting product contains a highly 
active system and step three indicates its prototropic nature. The process 
of cyclization shown in the fourth step involves the addition of an amino 
group across the double bond between carbon and nitrogen and results 
in the temporary formation of a dihydro phenanthrimidazole. 1 he lat¬ 
ter then loses a molecule of water to form the phenanthrimidazole. The 
instability of the dihydro compound is not surprising in view of the fact 
that the grouping 


OH-H 

t 

— C —N— 

I 


is known from many other reactions to exhibit a marked tendency to 
lose water. This tendency is due to the inherent electronegative nature 
of the hydroxyl group and the electropositive nature of hydrogen when 
attached to nitrogen. 

The 1,2-diketones behave normally towards many ketone reagents, 
forming dioximes, discmicarbazones, adding two moles of hydrogen 
cyanide, etc. They also react with c;-phenylenediamine to form substi¬ 
tuted quinoxalines: 



CHqC^ 

I 

CH3C = 0 




CCH3 




-f 2H0H 


2,3-d line thyIqulnoxa line 
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Benzil, C^HjCOCOCgH.,, reacts similarly with o phenylenediamine to 
give 2,S-diphenylquinoxaline. 

Acetylacetone, an example of a 1,3-diketone, under ordinary conditions 
consists largely of the enol form. The hydrogen atoms on an alpha car¬ 
bon atom have an increased tendency to ionize when there are two strong¬ 
ly electron-attracting groups attached to the carbon.. This is due to the 
increased possibilities for resonance that exist in the resulting anion: 


0 0 0 0 



CH3-~C=CH —C —CH3<--►CH3—C — CH-C—CH3^-► 


CH3 —C—CH 


0 

I 

C —CH3 


It may be said also that in the molecular form the enol would be sta¬ 
bilized through hydrogen bonding. Infrared examination^ has demon¬ 
strated the existence of the chelate ring which is caused by hydrogen bond 
formation in the enol form: 

wO H 0 0 —H-—0 

CH3C-CH—'CCH3 CH3CZ:CH—CCH3 


Acetylacetone reacts with a variety of reagents to form heterocyclic 
compounds: 


W — rtNU6n5 


CH3COCH2COCH3-f C6H5NHNH2 ; 

phenylhjrdraz Ine 


■H.O I 

. CH3C—CH —CCH3 


C 6 H 5 


i 

N-NCfiHsoH 

II ^ I 

CH3C—CH = CCH3 

+ 


CH3C. 


/N CH3 
N C<. 

\h- 


1 » 



C6H5 


N- 


CH3C 


^CCH3 


CH 


+ 


HOH 


1-phenyl-3,5-d Imethylpyrazole 

With hydroxylamine, acetylacetone yields 3,5-dimethylisoxazole: 


NOH H /»0 


-H20 II |->^^|| 

CH3COCH2COCH3 -f NH2OH . CH3 C—CH—cch3 ^:"""~::—^ 


NO^—H OH 
CH3C— ch=cch35: 


CH3C 




HC 

I 

H 


• CCH3 

4^ 

OH 


♦ 


^ 30 *^ 0 

I I + HOH 

HC . CCH3 

The above mechanisms are not to be regarded as established, but it is 
reasonable to assume that ring closure is effected by addition to an un¬ 
saturated linkage followed by aromatization (94). 
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CHAPTER XVII 


Reactions of Ketenes 


Two types are known, the aldoketenes, RCHz=C=:0, and the keto- 
ketenes, RjCz^CmO. Ketene, CHjZuCrnO, may be regarded as the parent 
compound of both types. The ketenes are among the most reactive of all 
unsaturated compounds and at one time it was thought that their reac¬ 
tivity was concentrated in the olefin linkage. However, it is known now 
that addition usually occurs to the carbonyl group followed by the tau- 
tomerization of the addition product. 

Many of these reactions are catalyzed by acids. The addition of a pro¬ 
ton to the carbonyl oxygen atom yields a carbonium ion. The electron- 
deficient carbon atom of this ion attracts an anion from the reagent 
present and the enolic addition product then tautomerizes to the more 
stable end product: 

rv 

CE2 = C:=0 -I- H:;: 

-I- - 


OH 

I 

CH2 —C 


+ - 
H-^OH 


a 

CH 2 =C =:0 -f 
-f- - 


/ \ H 

CH2=C—OH -I- H 


OH 

I 

CH2=C 




- + 

C2H50^-H 


0 

// 

-►CH3C—OH 
acetic acid 


OtH 

H 

CH2 = C—OC2H5 + H 


A - 

CH2 = C = 0 + H Cl* 


OjH 

CH2 =c—C l- 


o 

if 


Other reactions may be written in a similar manner: 


■♦CH3C-—OC2H5 
ethylacetate 


0 

// 

—► CH3C-Cl 

acetyl chloride 


A ^ /, 

CH2= C =0 + CH3C-0 



0—H 0 

jJ 11 

CH2=C—0-CCH3 


0 0 

II II 

CH3C~0- CCH3 


acetic anhydride 


157 



In these two examples the reagents used are acidic and the reactions do 
not require the presence of an additional acid catalyst. 

Ketene reacts with ammonia to form acetamide and with primary and 
secondary amines to give mono- and disubstituted acetamides. It is prob¬ 
able in these cases that the initial step is the addition of the nucleophilic 
reagent to the carbonyl carbon atom: 


CK2—C — O+ H 


NH 2 * 


O-7H 

K 

CH 2 = c —NH 2 • 


-*■ CH 3 C — NH 2 


Ketenes also undergo addition with Grignard reagents. The course of 
the following reaction has been established by Gilman and Heckert (96); 

— + 

0 ♦-MgBr 


(C6H5) 2C = C =0 -f C6H5 MgBr-► ( C6H5) 2C=C~C6H5 

dlphenylke tene 


0—H 

+ - I 

H-^OH I 

-► (C6H5)2C=C-C6H5 4=^ (C6H5 ) 2CHCOC6H5 

trl phenyl Vinyl alcohol d 1 pheny line thy 1 phenyl ketone 

Reagents, such as chlorine or bromine, which are characteristic of the 
olefin linkage, add to this linkage only in the ketenes: 

0 

n // 

CH 2 = C = 0 + Cl-^Cl-►CH 2 CIC —Cl 

~ “ chloroBcetyl chloride 

Ketene and aldoketenes polymerize rapidly even at low temperatures 
and in dilute solution. Many of the ketoketenes also polymerize readily, 
although some, such as diphenylketene, are fairly stable at ordinary tem¬ 
peratures. The ketoketenes dimerize to cyclic structures, the process in¬ 
volving self-addition to the olefin linkage: 

I 

(CH3)2C = C = 0 (CH3)2C —0 = 0 

+ - II 


0 =C=C{CH 3)2 0 =C—C(CH 3)2 

— + 

tetramethyl eyelobutadlone-1,3 


m 



The nature of the structure of the dimer of ketene has been investi¬ 
gated by several workers. Originally, because of the formation of pyruvic 
aldehyde on ozonolysis of the dimer, it was formulated as CHgCOCHrrr 
C=0 (acetylketene). Later (97) it was suggested that it consists of an 
equilibrium mixture of acetylketene and jg-crotonolactone: 


CH3~ C—CH 

II II 


0 c= 0 


and 


CH3CriCH 

I I 

0 —c~o 


I 


II 


More recently (98) it has been suggested that its reactions are best ac¬ 
counted for by the following vinylaceto-j8-lactone structure: 


CH2 =: C —CH2 


0- C= 0 
III 

On the basis of present data, diketene is best regarded as an equilib¬ 
rium mixture of two or three forms. Structure I best accounts for the 
formation of pyruvic aldehyde on ozonolysis, while only III can account 
for the formation of y-chloroacetoacetyl chloride reported by Boese (98). 
The formation of the cyclic structures may take place as follows: 


^ CH2 = 

CH2= C=0 + CH2 = C = 0?=± 


+ - * 

-h — 

H 

I 


1 


C—C-H 

CH 2 = c—CH 

1 


O 

1 

o 

It 

o 

0— c —0- 


enol 

III 






0 — 


CH2 


n 

c—o 


♦ 


H 


m 



CH 3 —C=CH CH^-C — Cn 

hM ^ II II 

0 - C= 0 0 c= 0 

II I 


The various equilibria postulated above are based on electron displace¬ 
ments which are generally accepted as being characteristic of carbonyl 
compounds. The above picture is intended to show only general rela¬ 
tionships, hence it does not necessarily follow that III is formed first and 
I last. Presumably, it is possible that I may be formed first from ketene: 


CH 2 = C =:0 4- H-^CH=C=^0 

+ - -f - 


CKz- C~CH = C=0^ 


0 ~H 


CH 3 COCH C = 0 


Actually, any one of the three structures may be used to illustrate most 
of the reactions of the diketene. It is simpler, however, to use the acetyl- 
ketene structure (I). For example, the diketene reacts with alcohols, in 
the presence of acid catalysts such as benzenesulfonic acid, to form esters 
of acetoacetic acid: 


CH3C0CH=C=0 + H ♦ 

+ - 


0 — 



CH3C0CH=::C 


- -f 


C^5C>-H 

-► 


?.7-« 


CH3C0CH=C—OC2H6 + H 


0 

// 

CH3COCH2C—OC2H5 
ethylacetoacetate 


Many other useful products may be made from diketene (98). For 
example, diketene reacts with aliphatic and aromatic primary amines to 
form N-substituted acetoacetamides: 
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CH 3 C 0 CH = C = 0 - C 6 H 5 NH 4 -H-►CH 3 C 0 CH=:C-~NHC 6 H 5 -► 

+ - 

0 

II 

CH 3 COCH 2 C-NHC 6 H 5 

acetoacetanlllde 

Acetoacetanilide when dissolved in concentrated sulfuric acid followed 
by precipitation with water gives an almost quantitative yield of 4-methyl- 
carbostyril. The course of this acid-catalyzed ring closure is undoubtedly 
represented by the following mechanism: 



The first step is the addition of a proton to the carbonyl oxygen atom. 
The resulting carbonium ion then induces polarization of one of the 
bonds in the benzene ring and subsequently adds. A proton is then elimi¬ 
nated with the restoration of the resonating benzene ring. This addition 
of a carbonium ion followed by the loss of a proton is identical with the 
mechanism accepted for the Friedel-Crafts reactions. The splitting out of 
water from the heterocyclic ring, in the last step, has been observed in 
many other reactions and would be catalyzed by acids: 
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This step involves the same mechanism as that given for the dehydration 
of tertiary alcohols (Chap. IX). 

Diketene reacts with urea in an inert solvent to form 4-methyl uracil. 
The following mechanism is indicated: 


O-H 

ch3Ccx:hiic~o 4-h nhconh 2 . .CH3CQCH =:c— nhconh2 


0 

II 

± CH3C0CH2-~C-NHCONH 2 



HN 4- H C- CH 3 

0-C CH 2 ► 

HN- 0 = 0 


OH 

t 

HN —C “ CH 3 

I K 

O-C C —H -► 

^ H 

HN — C 0 


HN - C — CH 3 

I II 

O-C C + HOH 

I I 

HN - C = 0 

4-raethyl uracil 


The reaction consists of two aldol-type additions followed by the splitting 
out of water. 

Diketene reacts with benzene in the presence of aluminum chloride to 
form benzoyl acetone in good yields. Assuming that a carbonium ion is 
a necessary intermediate, the following mechanism appears probable: 




CH3COCH = C:=:o + AICI3 


OAICI3 
CH 300 ^ = 0 "^ 


10 




0A1C13 
CH3C0CH = C‘'' 


♦ 



0 —AICI3 
I 

CH3COCH-C 



CH3COCH-C 



♦ C6H5COCH2COCH3 
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CHAPTER XVIII 


Reactions of Quinones 


The quinones are not aromatic compounds but rather are unsaturated 
alicyclic diketones and in many ways they react like unsaturated dike* 
tones. Two forms of benzoquinone are known, p-benzoquinone and o-ben- 
zoquinone. The para isomer is the more stable and hence more readily 
obtainable: 


II 

0 

II 

0 

(1,4) p-benzoqulnone 


0 


II 



(1,8) o-*benzoqulnone 


Of the three known naphthoquinones, the 1,4- or a-naphthoquinone is 
most readily obtained: 


0 



(U4) 

oC-naphthoqulnone 


0 




( 2 , 6 ) 

amphl naphthoquinone 


The well-known quinones of anthracene and phenanthrene are 1,4- and 
1,2-quinones respectively: 
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7 


0 






2 



2 

3 



phenanthraquinone 


Unlike the ortho quinones of benzene and naphthalene, anthraquinone 
and phenanthraquinone are stable and readily prepared. 

The quinones are reduced by various reagents, such as sulfurous acid, 
stannous chloride, and sodium hydrosulfite, to the corresponding aro¬ 
matic compounds, the hydroquinones. Regardless of the positions of the 
carbonyl groups, the two hydrogen atoms always add to the conjugated 
system terminated by the oxygen atoms: 


0 

II 



II 


0 


The hydrogen halides add to the 
halogen-substituted hydroquinones: 


OH 



OH 

hydroqulnone 

quinones with the formation of 





2-chlorohydro- 

qulnone 


This mechanism involves a 1,4- addition, followed by enolization of the 
addition product (99). The course of the reaction is similar to that noted 
for the addition of hydrogen halides to a,j9‘unsaturated aldehydes and 
ketones. If the chlorohydroquinone is oxidized to the corresponding 
quinone, as it frequently is by the unchanged quinone present, a second 
molecule of hydrogen chloride adds to form 2,5-dichlorohydroquinone: 



Theoretically the second molecule of hydrogen chloride might add in 
more than one way, but actually it adds in such a way as to form only 
the 2,5- derivative. 

Benzene sulfinic acid adds in a similar manner to quinones: 


0 



CaHssoo^-H 



m 



OH 



OH 

Dhenyl-2,5-dIhydroxyphenyl 
suirone 


It will be noted that the sulfinate ion adds in such a way that a carbon- 
to-sulfur linkage is formed (see addition of sodium bisulfite to aldehydes 
and ketones). • 

Alcohols and amines, particularly aromatic amines, also undergo addi¬ 
tion to yield either 2- or 2,5- substituted derivatives. 

Hydrogen cyanide adds to p-benzoquinone in an interesting manner 
(100). The first step takes place according to the mechanism outlined 
above: 




It has been suggested that the second molecule of hydrogen cyanide adds 
1,4 to the conjugated system which includes the cyanide group rather 

I I I 

than to the system,—C=:C—Cz=:0: 
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0 




OH 



OH 

8,3-(llcyanohydrcxiulnone 


Oximes of the quinones usually result when the quinones are heated 
in aqueous alcohol with hydroxylamine hydrochloride. Anthraquinone 
reacts least readily with hydroxylamine hydrochloride. Both the monox¬ 
imes and dioximes are known for most of the quinones. The monoxime 
of p-benzoquinone is identical with the product obtained by the action 
of nitrous acid on phenol (p-nitrosophenol) and is best represented as a 
tautomeric substance: 




n 



H 



The same holds true for the monoximes of a- and ^-naphthoquinones. 

Phenanthraquinone forms a bisulfite addition product from which it 
may be recovered by the addition of acid. The other quinones react with 
sodium or potassium bisulfite to form hydroquinone sulfonic acids. 2- 
Methyl-1,4-naphthoquinone when heated with potassium bisulfite yields 
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potassium 2-methyM,4 <iihydroxynaphthalene-3-sulfonate. The latter by 
oxidation with chlorine gives the corresponding quinone (101): 




The 1,4-quinones undergo addition with conjugated dienes (Diels-Alder 
reaction) : 


0 



The end product still has an activated olefin linkage and can add a sec¬ 
ond molecule of the diene. 
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CHAPTER XIX 


Reactions of Sugars 

The sugars may be defined as mono aldo or mono keto polyhydric al¬ 
cohols or anhydrides of two such molecules. The reactions of the car¬ 
bonyl group and of the alcohol groups follow in general the mechanisms 
previously discussed for the reactions of the aldehydes, ketones, and 
alcohols. 

The hexoses exist in the solid state as delta lactones. In aqueous solu¬ 
tion the lactones are in equilibrium with the free aldehyde or ketone 
forms. In the case of d (+)-glucose this may be shown as follows: 



HO-C —H 0 



CH 2 OH 


glucose 

m 



Similar equilibria may be formulated for d (+)-mannose, d ( — )-fruc¬ 
tose, and d (+)-galactose. 

Mutarotation, which essentially consists of a change in optical rota¬ 
tion in aqueous solution to an equilibrium value, is exhibited by all 
hexoses which reduce Fehlings solution with the exception of certain 
ketoses. Two forms of glucose (a and /?) can readily be obtained. When 
a sugar crystallizes from solution, it separates almost entirely in that form 
which is least soluble under the conditions used, the solution equilibrium 
then shifting to produce more of this isomer. The a-form of d-glucose is 
obtained as a monohydrate from a cold saturated aqueous solution and 
as anhydrous crystals from boiling ethyl alcohol. The ^-form is obtained 
from a pyridine solution in the cold or from hot acetic acid solution. The 
specific rotations for the a- and /?-forms in aqueous solution are -f-113® 
and -(-19° respectively. Each solution gradually changes to the equilib¬ 
rium value of 52.5'^. The conditions at equilibrium may be represented 
by the reversible interconversions shown above. 

The delta lactones represent the most stable ring structures for the 
hexoses, and while gamma lactones may be formed under suitable condi¬ 
tions, they are not involved in the reaction mechanisms to be discussed. 

d-Glucose, d-mannose, or d-fructose, when treated with dilute sodium 
or potassium hydroxide solutions or pyridine, yield an equilibrium mix¬ 
ture of all three hexoses. This is made possible by the fact that they may 
form the same enediol forms and the fact that these sugars possess iden¬ 
tical configurations around carbon atoms 3, 4, 5, and 6. This may be 
shown as follows: 


H—C=:0 
H —C —OH 

I 

c/-glucose 


o 

1 

H —C—0—H H—C—OH 

H — CHOH 

K - 

HO—C —H 

1 

— fll and C|| 

^C —OH C —0 —H 

I 1 

— 

C = 0 

1 

1 

d- mnnose 

* 1 
enediol 

1 

rf-fructose 


In aqueous solution the hexoses give many of the characteristic alde¬ 
hyde and ketone reactions. For example, the addition of hydrogen cya¬ 
nide yields cyanohydrins: 
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I rv 

CH 2 OH (CHOH) 4C = 0 -4- H-»CN 
+ - + - 


H 

I ^ OH 

CH20H(CHOH)iiCCr 

^CN 

aldohexose cyanohydrin 


Sodium bisulfite adds slowly to the aldohexoses but not to the ketohex- 
OSes (102): 


I r\ 

CH20H(CH0H) iiC=:0 -f H- 


‘ OSOONa 


-► 


H 

I ^OH 

CH20H(CH0H) 

^S020Na 
aldohcxose bisulfite 


Hydroxylamine reacts with the hexoses to form oximes: 


CH 2 OH ( CHOH liiCizO 4- H-^NHOH 
•f - + - 


H 

I 

CH20H( CH0H)4C 

r^l 

H~N0H 


OH^ 


H 

I 

.CH20H(CH0H)^C=:::N0H -|- HOH 
aldohexose oxime 


The aldoses react with one molecule of phenylhydrazine to form phenyl- 
hydrazones, but with excess phenylhydrazine (3 moles) the reaction takes 
an unusual course with the formation of osazones: 


H —C= 0 


OH H 

tri 

H —C—NNHC 6 H 5 -H 20 

-|- C 6 H 5 NHNH 4- HiZZl 


H —C—OH 


H — C —OH 



H —C= NNHC6H5 


I 4. C6H5NHNH2 

H —C—OH 

I 

glueose 

phenylhydrazone 


H—C:=:NNHC6H5 

I + C6H5NH2 + NH3 

Q—Q aniline 


H —C^NNHCeHs H —C=NNHC6H5 

I -|- C6H5NHNH2-► j -f- HOH 

C =0 C = NNHC6H5 

I 1 

glucose osazone 

The first step consists of the usual reaction of phenylhydrazine with an 
aldehyde group. The second step involves the conversion of an alcohol 
group to a carbonyl group. The fact that the secondary alcohol group 
affected is the one adjacent to the original carbonyl group suggests that 
the initial formation of an enamine form may be necessary for the reac¬ 
tion to occur: 


H—C= NNHC 6H 

r\ 

H—C—OH 


5 H-C-NHNHC6H5 , 

^ C|| -IH 

^^- 


CH2—NHNHC6H5 
0 = 0 


H 

rl 

H— CH—NHNHC6H5/4 xHC— NNHC6H5 
+ C 6 HSNHNH 2 C= NNHC6H5 C-NH-^NHCfiHs 'C 6 H 5 NH 2 


m 



HC 3 NNHC 6 H 5 

(6) ^ 

HC= NNHC6H5 

1 

+ C6H5NHNH2 

1 + NH3 

C=NH 

1 


C =NNHC6H5 


This course of reaction was originally advanced by Weygand in 1940. 
This mechanism may be interpreted on the basis of well-known reactions. 
The reversible formation of the enamine is to be expected: 



I ^ 


•C=i:C —N— 


Examination of the structure of the enamine discloses the fact that an 
enol structure is also present. Step 2 then represents the reversible change 
of the enol to the keto form. Step 3 involves an aldol type of condensa¬ 
tion of a second molecule of phenylhydrazine with the free carbonyl 
group. This is followed by an a,y-shift of hydrogen in the resulting keti- 
mine (step 4) and subsequently by the splitting out of aniline (step 5). 
The final step consists of an aldol type of condensation of a third mole¬ 
cule of phenylhydrazine with the imino grouping to form the osazone 
and ammonia. 

d-Glucose, d-mannose, and d-fructose yield the same osazone. These 
hexoses possess identical configurations around carbon atoms 3, 4, 5, and 
6 and during the reaction with phenylhydrazine the groups attached to 
carbon atoms 1 and 2 become identical, thus giving the same osazone. 

In anhydrous media, the reactions of the hexoses are characteristic of 
the lactone forms. Glucose, for example, when treated with methyl alco¬ 
hol and hydrogen chloride yields alpha or beta methyl glucosides: 


H—C-O^H 


H —C —OH 

I 

HO- C—H 

I 

H—C-OH 

I 

H- C- 


+ 


0 


H 




CH 2 OH 
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H — 

H — 

HO — 

H — 

H — 

CH2OH 

oc ‘ me t hyl g luc os Id e 

The other hexoses react similarly. The above mechanism is the one com¬ 
monly used for the formation of ethers from alcohols. The acid-cataly/ecl 
hydrolysis of glucosidcs has been widely studied. It has been suggested 
(76) that the initial attack of the acid is nc3t on the gliicoside oxygen 
atom, but rather upon the lactone oxygen atom: 

H~ 

H — 

0 — 

H — 

H— 

CH2OH 

H- C = 0 





H— C —OH 

1 

HO—C- H 

I 

H—C — OH 

I 

H —C—OH 
CH2OH 


-)- ROH -f h"*" 
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The acid hydrolyses of dissaccharides and polysaccharides to hexoses 
involve similar mechanisms since they also contain glycoside linkages. 

With acetic anhydride, glucose forms a penta-acetate of the a- or 
p'iorm depending on the conditions used: 



CH 2 —0—CCH 3 


The reactions of acid anhydrides are discussed in Chapter XXI. 
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CHAPTER XX 


Reactions of Monobasic Acids 


Saturated aliphatic adds. The carboxyl group, which is the charac¬ 
teristic functional group of the organic acids, is st composite group. The 
chief characteristic of this group is the tendency on the part of the hydro¬ 
gen atom to separate as a proton: 

0 0 
// _, // - 4 * 

— C—0 + H 

The acidic nature of the carboxyl group is due to the resonance energy 
of the carboxylate ion which serves to stabilize the ion. As a result of 
resonance, the carbonyl group of the composite carboxyl group shows 
little tendency to undergo the usual carbonyl reactions. Two unperturbed 
forms contribute to the actual state of the ion: 




or 







The undissociated carboxylic acids may also exhibit resonance but to a 
lesser extent, since the two unperturbed forms are not equivalent, that 
is, they are not of the same order of stability: 



RC- OH 
+ 



RC = OH 


Since the ion is more stabilized through resonance than is the undisso- 
dated acid, the carboxyl group owes its acidity to this effect. Once the 
initial ionization has occurred 


0 


// 

RC —0 




' RC 




the resonance hybrid of the carboxylate ion, due to the distribution of 



the negative charge over both oxygen atoms, has a reduced attraction for 
the proton. 

Acetic acid, and many of its homologs, exist as dimers in the absence 
of an ionizing solvent. The two molecules are held together through 
hydrogen bonding: 


CH3--C 




0 *-H— 
0—H-* 



CH3 


In the so-called hydrogen bond, the hydrogen atom acts to hold two other 
atoms together. Such bonds are strongest when the two atoms held to¬ 
gether by the hydrogen atom are most electronegative (most electron 
attracting). They are always much weaker, however, than ionic or cova¬ 
lent bonds. It is believed that the atoms are held together by electro¬ 
static attractions (3). 

The electron-release effects of alkyl groups (as compared to hydrogen) 
have been referred to frequently in previous chapters. These inductive 
effects are noted also in the series of saturated monobasic acids. Replace¬ 
ment of the hydrogen atom of the H-C grouping in formic acid with an 
alkyl group produces a decrease in acid strength. The electron-release 
effect of the alkyl group opposes the resonance effect to which the acidity 

O 

11 

of the carboxyl group is ascribed, R-^C—OH. A comparison of the 
acid strengths of formic acid, acetic acid, propionic acid, n-butyric acid, 
isobutyric acid, and trimethylacetic acid 

0 0 0 

// \ // \ // 

HC-OH y CH3C—OH y CH3CH2CH2C-OH 



0 

II 

(CH 3 ) 2 CHC- 0 H 


> 


0 


II 

CH3CH2C-OH 


> 


II 

(CH3)3C —C-OH 


discloses the fact that formic acid is the strongest and trimethylacetic 
acid the weakest acid in this particular group, as might be expected from 
a consideration of the inductive effects. It will be noted, however, that 
n-butyric acid and isobutyric acid occupy anomalous positions if induc¬ 
tive effects alone are operative (103). It has b^n suggested that the 
terminal methyl group of n-butyric acid is simil^ in its situation with 



the methyl group in o-methylbenzoic acid and consequently the anoma 
lies shown by these acids have a common origin, namely, the formation 
of a hydrogen bond between the methyl group and the carboxyl group: 


CH2 - CH2*~H 

/o"' 

/y and 

CM 2 - C — OH 


CH2 -CH2—H 



The formation of a hydrogen bond would tend to increase the electron 
attraction of the carbonyl group, thus assisting in the formation of the 
proton, and in the stabilization of the resulting anion. For the relatively 
high acid strength of isobutyric acid, it has been suggested that the 
branching of the chain permits a more frequent approach of the methyl 
groups to the carboxyl group and thus accounts for its position in the 
above series. It should be noted that the replacement of the hydrogen 
atom in formic acid with the methyl group produces a much greater 
decrease in acid strength than subsequent replacements of hydrogen 
atoms in acetic acid. 

The presence of electron-attracting substituents such as the halogens 
results in increased acid strengths. The effect decreases as the distance 
between the halogen and carboxyl group increases: 

0 
// 

CH2CICH2CH2C—OH 

'y-chloroDutyrlc 
acid 

O 

// 

The inductive eflFect in this case, Cl 4 -CH 2 4 -C 4 -O 4 -H, enhances the 
resonance effect necessary for ionization. Fluorine exerts the most pro¬ 
nounced effect and iodine the least effect on the acid strength: 


0 

// 

CICH2C-OH 

chloroacetlc 


CH2CICH2C-OH 

^-chloropro- 
plonlc acid 


0 0 0 
// \ // \ \ 

PCH2C~0H \ CICH2C-OH y BrCH2C-~0H } 

0 0 
ICH2C-OH ^ CH3C-OH 


This is in accord with the relative electron-attracting powers of the 
halogens: 
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S' y Cl y Br^ I 


The hydroxyl group and alkoxy groups have the same general effect 
on the carboxy acids as the halogen substituents, but to a much smaller 
extent. 

The ionization of acids in water and in other polar solvents involves 
the transfer of a proton from the carboxyl group to the solvent 


0 

// 

CH 3 C—0 


H + HOH 


-I + 


H 

I 

H —0-H 


0 

//- 

+ CH 3 C —0 


with the formation of a hydroxonium ion and a carboxylate ion. The 
change does not take place to any great extent, for the organic acids as 
a rule are weak acids. The proton transfer takes place rapidly when the 
acids are treated with stronger bases, and salts are formed: 

0 0 

// « // . 

CH 3 C- 0 H + OH-►CH 3 C~ 0 + HOH 

Since the hydroxyl ion is a much stronger base than the carboxylate ion, 
the reaction is practically complete. 

The reactions of carboxy acids with alco hols to form esters ha ve been 
d iscussed previou sly under the ^TcoFols. ITis^ in^resting to note that the 
hydrogen of the carboxyl group is~hotinitially involved in the mecha¬ 
nism of ester formation. 

The direct chlorination or bromination of the saturated monobasic 
aliphatic acids leads to the formation of alpha halogen substituted acids: 

0 0 

// // 

RCH 2 C —OH + Bra-► RCHBrC-OH+HBr 

This bears a formal resemblance to the halogenation of aldehydes and 
ketones. However, it has been noted that, unlike the bromination of 
aldehydes and ketones, the bromination of acetic acid is dependent on 
the concentration of bromine. Furthermore, the substitution is catalyzed 
by the presence of a small amount of red phosphorus or by the presence 
of hydrogen halides. It has been shown that the effect of the hydrogen 
halides is sp^ific and is not exerted by other acids (104). The catalytic 

order, CH 3 C-Br ) HBr ) HCl, has been established for the bromina¬ 
tion of acetic acid. This suggests that the acyl bromide is the real catalyst. 
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and the hydrogen halides owe their effect to the formation of acyl halides. 
Where hydrogen bromide is used as the catalyst, the reaction may be 
shown as follows: 


// 


// 


CH3C- OH -h H Br JZZ:! CH3C~ Br + HOH 


+ H 0 0 

i // // 

CH2-C-Br + BrBr -CH2BrC-Br+ HBr 


0 


// 

CH2BrC —Br 


+ 

+ H 


OH 


0 

// 


-► CH2BrC-0H + HBr 


O 

// 

The electron attraction of the —C—Br group should be greater than that 

// 

ofnhe —C—OH group, thus increasing the tendency of the alpha hydro¬ 
gen to ionize. Whether or not the second step involves the reaction of 
bromine with the enol form of the acid is not known with certainty. Red 
phosphorus is a more active catalyst than hydrogen bromide, since it 
facilitates the formation of the necessary acyl halide. 

The decarboxylation of the monobasic acids may be effected by heat¬ 
ing a dry mixture of a sodium salt with sodium hydroxide: 

0 

// 

RC-ONa 4 - NaOH-►RH + Na2C03 

In this reaction the extra hydrogen atom necessary for the formation of 
the alkane hydrocarbon comes indirectly from the sodium hydroxide: 




4 - , 

Na + 


NaOH' 


►RNa + NaHCO^-►RH -f Na 2 C 03 
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The salt would furnish the electron-rich anion in which the electron 
shifts shown above may occur. A carbanion or a sodium alkyl may be 
formed as an intermediate. The latter would then react with the sodium 
bicarbonate to form the alkane and sodium carbonate. Although there 
is no direct evidence for this course of reaction, the above mechanism 
is supported by the fact that the presence of electron-attracting gioups 
on the alpha carbon atom facilitates decarboxylation. Thus trichloroacetic 
acid when refluxed in water solution undergoes decarboxylation: 


0 



Cl 


CHCI3 + CO2 


A similar mechanism accounts for the Kolbe method for preparing nitro- 
methane from chloroacetic acid. An aqueous solution of sodium chloro- 
acetate is treated with sodium nitrite and the mixture warmed to start 
the reaction. The reaction is exothermic and once started needs no fur¬ 
ther external heating: 


0 

// - + + - 

CI 4 -CH 2 C—O Na + NaN02-► 


//(- 

O2N4-CH24-C —O 


+ 

Na 


- 

H-^OH 


-h NaCl- 


►CH3NO2 + NaHC03 


In general, the a-nitroacids decarboxylate so readily that they cannot be 
isolated. Their esters, however, may be prepared. The j5-nitroacids are 
more stable than the a-isomers as would be expected since the inductive 
electron-attracting effect of the nitro group is weakened by its greater 
distance from the carboxyl group. The fact that ethyl nitroacetate is 
relatively stable compared to the free acid appears to support the *‘ionic'' 
mechanism shown above. 

Aromatic acids. The resonance mechanism, used to explain the acid 
nature of the aliphatic acids, may be applied here also. jBenzoic acid 
i onizes to a great e r exten t than acetic acicL indicating a greater electron - 
release effect for the methyl group than for the phenyl group. Both acids 
are much weaker than formic acid. The effect of the phenyl group is 
not explained entirely on the basis of a weak inductive effect. It has 
been suggested that the phenyl group may exert an electron-release or 
an electron-attracting action, dependi ng up on the electron demands of 
the particular system attached to the^phenyrgroupTTh the’TSFoTlE^en- 
zoic acid, electron displacements take place in the direction of the car¬ 
boxyl group which contains the electron-attracting carbonyl group: 
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This opposes the resonance effect necessary for ionization, thus stabiliz¬ 
ing the molecule rather than the ion. 

The relative strengths of the substituted aliphatic acids are dependent 
upon the inductive effects of the substituents. In the case of the substi¬ 
tuted aromatic acids where the substituents are attached to the aromatic 
ring, the resonance effec t must be considered also. It has been noted above 
that the halogens are strongly electron-attracting and as a result the 
halogen-substituted acetic acids are stronger than acetic acid, and the 
acid strengths decrease in the order of decreasing inductive effects, 

f) Cl) Rr) I. The strengths of the halogen-substituted benzoic acids, 

however, are not of the order which would be expected on the basis of 
inductive effects alone. It will be remembered that the halogens are 
o,p-dirccting, and this property is not dependent upon their inductive 
effec ts, but rather on the resonance of their unshared electrons with the 
aromatic ring. While the halogen-substituted benzoic acids are stronger 
than benzoic acid, the differences are somewhat smaller than those noted 
with the corresponding halogen-substituted acetic acids. This again in¬ 
dicates opposition to the inductive effect by a resonance effect, and thus 
the increase in acid strength is less than expected. 



The ortho halogen-substituted benzoic acids are considerably more acidic 
than the nieta and para isomers. This agrees with the fact that the induc¬ 
tive influence of a substituent is greater the closer it is to the carboxyl 
group. The fact that the fluorobenzoic acids are less acidic than the other 
halogen-substituted benzoic acids (103) is in agreement with the belief 
that the electronieric effects of the halogens decrease in the order, 

F) Cl ) Br ) I. 

Hydroxyl and alkoxy groups in the ortho and rneta positions increase 
the acid strength of benzoic acid and cause a decrease when in the para 
position. The ortho derivatives are more acidic than the meta compounds. 
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In these two types the inductive effects appear to predominate, resulting 
in an increase in acid strength. The resonance effect predominates in the 
para acids and here a decrease in acid strength is noted: 


r> 

HO—-OH 


The nitro group always increases the acid strength of benzoic acid re» 
gardless of its position, the increase being greatest for o-nitrobenzoic acid. 
In the case of the nitrobenzoic acids, the inductive and resonance effects 
operate in the same direction. Since the resonance effect has no influence 
on the meta position, the para acid is stronger than the meta acid: 






H 


Other electron-attracting substituents such as —COR and —COOR be- 
have similarly. 

As previously noted, the replacement of the hydrogen atom in formic 
acid with various alkyl groups results in decreased acid strength. The de¬ 
creases noted are related to the relative electron-release (inductive) ef¬ 
fects of the alkyl groups used. The effects of alkyl groups in alkyl-substi¬ 
tuted benzoic acids, on acid strength, are more difficult to predict. They 
exhibit two effects, both of which are electron releasing, the inductive 
and resonance (hyperconjugation) effects. 

The p-alkyl-substituted benzoic acids are somewhat weaker acids than 
the parent acid, as might be expected. The relative electron-release ef¬ 
fects of the alkyl groups used, however, follow a different order than that 
noted for the alkyl-substituted formic acids, namely, (CH^) 

CH^CH,= (CH.JXH (105). In this series both the inductive and reso¬ 
nance effects are operative and it is not easy to predict which one will 
predominate in any given case. 

o-Methylbenzoic acid is reported to be a somewhat stronger acid than 
benzoic acid. This is an unexpected finding in view of the electron-release 
character of this group and indicates the presence of an additional factor. 
It has been suggested that the unshared electrons on a carbonyl oxygen 
atom may interact with a methyl group occupying the ortho position and 
form a hydrogen bond (see p. 179): 
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The reactions of the aromatic acids are similar to those of the aliphatic 
acids. The carboxyl group is a meta-directing group 




since it tends to decrease electron availability more at the ortho and para 
positions than at the meta positions, and electrophilic reagents therefore 
react at the latter positions. 

The aromatic monobasic acids, similar to the aliphatic acids, may be 
decar boxy la ted by heating their sodium salts with sodium hydroxide: 


Ar^- 




ONa 


-h - 

NaOH- 


^ArH 4- Na 2 C 03 


It is probable that the same mechanism holds for both the aliphatic and 
aromatic series.. In general the presence of two or more electron-attract¬ 
ing substituents in the aromatic ring facilitates decarboxylation. Thus 
2,4-dihydroxybenzoic acid is converted into resorcinol by boiling its dilute 
aqueous solution: 



Similarly gallic acid is readily converted into pyrogallol. Another well- 
known example is the conversion of 2,4,6-trinitrobenzoic acid to 2,4,6- 
trinitrobenzene: 
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02N 


O2N 


+ CO 2 


0 



NO 2 



NO2 


Aromatic acids which lose carbon dioxide relatively easily may be decar- 
boxylated by heating with amines such as pyridine, dimethylaniline, or 
quinoline. The amines form salts with the acids and thus increase the 
availability of the anions. This again points to an “ionic'' mechanism for 
these reactions. 

The effects of substituents in the ring on ease of decarboxylation are 
more difficult to predict than in the case of substituted, saturated aliphatic 
acids. In the latter series only inductive effects need be considered. This 
simple picture is complicated in the aromatic series by the resonant na¬ 
ture of aromatic ring systems. 

Unsaturated monobasic acids. The addition reactions of the a,j8-ole- 
finic acids resemble in some ways the reactions noted for the a,j8-unsat- 
urated aldehydes and ketones. The addition of hydrogen bromide, for 
example, yields /S bromo acids: 


OH 

1 A 

CH3CH=CH —C =0 + H Br 
crotonlc acid 



0 

// 

CHjCHBrCHaC-OH 
3-bromo butanoic acid 

Since, in general, excess hydrogen bromide would be present, the second 
step would be more accurately shown as follows: 

0 
// 

CH3CHBrCH2C~OH + HBr 

The halogens, however, add more slowly to a,)S-unsaturated adds than 
they do to isolated olefin linkages. This difference is explained by the 


^ I 

CH3CHBrCH= C — 0 — H- 


H-^Br 
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nature of the system involved, — C~C —C=:0. The oxygen atom is the 
most electronegative atom in the molecule and would be expected to offer 

+ — 

the greatest attraction for electrophilic reagents of the type H-^A: 


OH 

OH 

1 

1 1 1 

C_ 0 -1- H -♦ A -*• 

-C= C—C —OH 

■¥ - + - 

Z t = 


▼ 

OH 

i 1 i 


1 1 1 

-C - C = C - OH 


+ A 


+ 


OH 

I I I 

-C —C= C —OH 


+ A 


OH 

I I I 

C—C=C—0-H 

I ^ 

A 


0 

1 1 // 

— C —CH— C —OH 

I 

A 


This mechanism does not exclude direct addition to the double bond, 
but restricts it to those electrophilic reagents which are not attracted by 
oxygen. The halogens belong in the latter class: 


// 

CH3CH=:CHC—OH + Br-^Br- 
+ - + - 


0 

// 

-♦CH3CHBrCHBrC—OH 
2,3-dIbromobutanoic acid 


The slower addition of bromine to such an unsaturated bond is probably 
due to the fact that the nucleophilic character of the linkage is reduced 
through its conjugation with the carbonyl group. 

Esterification of the a,/?-unsaturated acids takes place less readily than 
with the corresponding saturated acids or the unsaturated acids in which 
the double bond is further removed from the carboxyl group. This de¬ 
creased activity of the carboxyl group is to be expected on the basis of 
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the Lowry mechanism for esterification (see under alcohols) since the 
electrophilic character of the carbon atom of the carbonyl group would 
be weakened by conjugation with the olefin linkage: 


OH 


I I 

■C=c~ 0 = 0 


The p,y and y,8-unsaturated acids are converted into lactones by sul¬ 
furic acid. This may be shown as follows (76): 

A 

CH3CH2CH= CH -CH2 CH3CH2CH —CH2-~ CH2 

H-^ 0 ~C -0 0 -C — O 

3-hexenolc acid y-caprolactone 


The sulfuric acid serves to facilitate the necessary polarization of the ole¬ 
fin bond and furnishes a proton to add to the polarized bond. The impor¬ 
tant role played by electron-release effects on the polarization is shown 
by examination of the following examples. 3-Butenoic acid (vinylacetic 
acid) when heated with 50 per cent suHuric acid is converted into crotonic 
acid instead of a y-lactone. The addition of hydrogen bromide to 3- 
butenoic acid gives only 3-bromobutanoic acid. These reactions indicate 
that the ^,y double bond is no longer under the influence of the car¬ 
boxyl group but rather under the influence of electron-release effects of 
groups on the y-carbon atom alone. In this case, the manner in which 
polarization occurs is such as to make the y-carbon atom negative, 

// 

HoCznCHCH^C—OH. This polarization is that required for the forma¬ 
tion of an unstable ^-lactone, and it is not surprising that the tautomeric 
change to crotonic acid occurs instead: 


0 

r\ // + 

H2C=CHCH2C—OH + H 
+ 


H 0 

ri // 

CH 3 — CH- CHC —OH 


0 

CH3CH=:CHC-'0H-f H 

With y,5-acids of the type 4-pentenoic acid, the polarization is such that 
y-lactones are formed: 
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r\ + + 

H2C = CH—CH2—CH2 H ^ cKs —CH—CH2—CH2 
- + I < ■ ■ ■ - + - I 

H—0 —C = 0 H-»0 —C = 0 


CH3CH CH2 —CH2 + 

I I + H 

0- c = o 


V-valerolactone 

However, with 5-methyl-4-hcxcnoi( acid, a 8-lactone is formed: 


A 

( CH3 ) 2C = CH —CH 2 —CH 2 

+ — I 


+ + 

H (CH3 ) 2C —CH2—CH2—CH2 


H 0 —C =: 0 


H-* 0 —C= 0 


( CH3 ) 2C —CH2-CH2-CH2 


+ H 


C=: 0 


In the latter case the electron-release effects of the two methyl groups 
control the polarization. 

Certain of the a,/3“Unsaturated acids have been found to yield the same 
lactone as the isomeric /3,y-acid. The reaction takes place less readily since 
the a,/?-acid must isomerize to the /?,y-acid before la( tone formation oc¬ 
curs: 

H 0 . 

I r\ // a 

CH3- CH2—CH—CH= CH—c— OH-► 


H 


0 


// 


CH 3 “~CH 2 —CH—CH —CH2C~0H 


-h"** 

-►CH3CH2CH=CH — CH2 


H — 0 —C= 0 


CH3CH2CH—CH2 —CH2 


CH3CH2CH—CH2—CH2 


- I 
0 —C= 0 


+ H-' 


■c=o 


Y~ca prolactone 
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CHAPTER XXI 


Reactions of Derivatives of the Monobasic Acids 


Acid anhydrides. I'hc anhydride group is a composite group consist- 

O O 

il II 

ing ol two ( arl)onyl grcjups joiited through an ether linkage, —C—O—C—. 
The characteristic reactions oi this group are hydrolysis, alcoholysis, and 
ammonolysis. 1 hese reactions involve a cleavage of a carbon-to-oxygen 
bond, a tyfie of reaction which was noted for the simple ethers. In the 
case of the anhydrides, however, the cleavage takes place much more read¬ 
ily than with the ethers. 

It is known that the hydrolysis of anhydrides is catalyzed by acids 
(106). Acid hydrolysis has been represented as follows (76) : 

T 

+ - 

ti^on yO 

- ^ + 

2CH3C — OH + H 


acetic 

anhydride 


CH 3 C , 

'^0 + 


CH3C , 




CH3C 






0—H 


CH3G. 


Ov 


The singly linked oxygen atom in the anhydrides, because of the electron 
attraction of the two adjacent carbonyl groups, would be expected to have 
weaker basic properties than the oxygen atom of an ether and should 
have less attraction for a proton. The fact that the anhydrides are more 
readily hydrolyzed is better explained by attachment of the proton to the 
carbonyl oxygen atom: 


CH3 C 




CH3C 




CH3C 




OH 


CH3C 


X. 




+ - 
H-OH 


2CH3C — 0 H+ H 


The electron-deficient carbon atom in the intermediate carbonium ion 
is the driving force for the resulting cleavage. It is probable that the 
hydroxyl ion starts to add before the cleavage is completed. 

Base-catalyzed hydrolysis of the aliphatic acid anhydrides is too rapid 
to measure. Basic hydrolysis is believed to involve addition of the nucleo¬ 
philic anion at the carbon atom of the carbonyl group: 
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0 0 o 

ll // - OH ^ “ I 

CH3C —OH + CH3C-0 -► 2CH3C —0 + HOH 

Hydrolysis by water alone probably proceeds through the basic niech- 
anisni. It will be noted that the addition ol the anion to the one carbonyl 
carbon atom neutrali/es the electron attiaction ol this carbonyl group. 
The remaining free carbonyl gioup retains its electron-attracting power 
and the unbalance thus created makes cleavage^ })ossiblc'. This cleavage 
is further fac ilitated by the ease with which the first carbonyl carbon atom 
can recover a pair of electrons liom the attached electronegative oxygen 
atom. 

The addition of chlorine to ethylene, in acetic anhydride as solvent, 
has been reportc‘d to give* |0-c hloroethylacetate and ethylene chloride as 
the chief products (107) . This reaction is of interest for two reasons: (1) 
the results are in agreement with the two-step mechanism accefjted ior 
addition to cjlefins; and (2) the reaction appears to be similar to the acid- 
catalyzed hydrolysis of anhydrides with a carboniurrr ion taking the place 
of a proton. 1 his may be shown as follows: 

A + - 

H2C = CH2 + Cl-^Cl-►-C 1 CH 2 CH 2 -f Cl-► CICH2CH2CI 

— 4. 4. _ 

and 



0 0 

// // 

CH3C-~0CH2CH2C1 + CH3C —Cl 


Similar results were obtained when methylacetate was used in place of 
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the acetic anhydride except that methyl chloride was formed in the last 
step rather than acetyl chloride. 

The reactions of acid anhydrides with alcohols and phenols are similar 
to the hydrolysis reactions noted above. They are catalyzed by acids, espe¬ 
cially by strong acids such as sulfuric acid, and also by bases such as so¬ 
dium acetate and tertiary amines. Acid-catalyzed acetylation may be shown 
as follows: 


+ ^ 

CH3C^ 


CH3C^ 

\ r' 


,0 4- H ■ 


CH3C 




OH 


CH3C 


V 




+ 



0 0 

// // + 

CH3C-OC2H5 -h CH3C —OH + H 

ethylacetate 


A simple method for the acetylation of phenols (108) consists in treating 
an acjueous solution of the sodium phenolate with acetic anhydride. The 
ease with which this reaction occurs may be attributed to an increase in 
concentration of the nucleophilic phenoxyl anion: 


CH3C 




o 


0 + CtHsO 



+ 

Na 


CH3C 
CH3C ^ 

I ^0 

OC6H5 


4* Na- 


0 0 

// // 

CH3C — OC6H5 -f CH3C—ONa 

phenylacetate 


The reactions of the anhydrides with ammonia and amines are also 
similar to the reaction with water: 
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CHjC 

/O + H 
CH3C^ 

0 


NH2' 


CH3C 
CH3C^ 


NH2 


0 


+ H 


0 0 

// , // 

CH3C — NH2 -[-CH3C-OH 


acetamide 


// 

CH3C —OH + NH3 


// 

•CH3C-ONHii 


CH3C 


\ 


'0 -f H -► HNCH3:ii: 
CH3C _ metlTylaralne 


CH3C 


CH3C 


NHCH3 


-f- H- 


O 

// 

CH3C— NHCH3 + 
AT-me t hylac e t amid e 


0 

// 

CH3C-OH 


O 


// 

CH3C —OH H" CH3NH2 


// 

-►CH3C — OHN3CH3 
raethylammonlum acetate 


The aromatic acid anhydrides, such as benzoic anhydride, behave simi¬ 
larly except that they are not so reactive as the low molecular weight ali¬ 
phatic anhydrides. The decreased activity of the aromatic acid anhydrides 
may be explained by the resonant nature of these molecules. The aro¬ 
matic ring acts as an electron-release group when attached to an electron- 
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attracting group such as a carbonyl group, thus serving to reduce the 
electrophilic activity oi the carbonyl carbon atom: 


O-r 


The halogenation of aliphatic acid anhydrides is catalyzed by strong 
acids. Kinetic studies have shown that the bromination of acetic anhy¬ 
dride may proceed through the enol form, similar to the mechanism es- 
j tablished for acetone: 


cHjc:" + 
^o + H : 


CH3C 




CH2—c: 


CH3C^ 


,0H 

■0 


+ 


0 —H 


CH 2 = C. 


;0 -t- H 


CH 3 —C 




0 


+ - ^ 

Br -► Br BrCH2C 

* -+ HBr 


CH 3 C 




bromoacetIc anhylrlde 


Acyl chlorides. The acid chlorides also contain a composite functional 

P 

group, —C—Cl. They undergo the same type reactions as the anhydrides, 
namely, hydrolysis, alcoholysis, and ammonolysis. However, due to the 
strong electron attraction of the chlorine atom, the addition of nucleo¬ 
philic reagents to the carbon atom of the carbonyl group takes place more 
readily than in the case of the anhydrides. 

The hydrolysis of an acid chloride is not catalyzed by acids, and the 
base-catalyzed reaction occurs too rapidly for kinetic study. Hydrolysis 
with water alone or with bases may be written as follows: 
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Cl + OH 



CH3C - 

acetyl chloride 


r° 

CH3C-^C1 

I 

OH 


0 


// 

CH3C — 


OH+ Cl 


Alcoholysis and ammonolysis may be written in a similar manner; 



CH3C—Cl + C2H5O 
+• - 


H 

+ 



Cl 


+ H 


OC2H5 


O 

// 

CH3C—OC2H5 + HCl 
ethylacetate 



CH3C- Cl -h 


NH2 
-h - 


CH3C 


Cl 


NH2 




0 

// 

CH3C-~NH2 -f- HCl 
acetamide 


HCl 4 - NH3-► NHiiCl 

It will be noted that in the above examples the addition of an anion to 
the carbonyl carbon atom reduces the electron attraction of that atom. 
This serves, in effect, to enhance the electron attraction of the halogen. 
The cleavage of the carbon-halogen bond is further assisted by the ease 
with which the carbonyl carbon atom can recover an electron pair from 
the electronegative oxygen atom. 
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It is a well-known fact that in the alcoholysis of acyl chlorides the for¬ 
mation of hydrogen chloride tends to retard the rate of the reaction. This 
may be attributed to a decrease ol the alkoxyl anion concentration as a 
result ol the actuinulation ol j^rotons. J'he promoting action of pyridine 
when used as a solvent lor the alcoholysis cd acyl chlc:)rides may be asso¬ 
ciated with its ai)ility to combine with hydrogen chloride. 

The preparatic:)!! of acid anhydrides from acyl halides and the corre¬ 
sponding sodium salts c^f the acids may be illustrated in a similar manner. 
The first step consists of the addition of an anion to the carbonyl carbon 
atom of the acyl chloride: 


C' 


M , II -+ 

CH3 —c —ci-f CH3 —c —ONa 
-h 


Q 


0 


CH3 — c-^ci 

> 

"■1 

0 


I T- 

-f Na- 


0 

II 

CH3-~ C> 

CH3—C' 
II 
0 


‘0 -f- NaCl 


The first acyl chloride in the series, formyl chloride, has never been 
isolated. A possible explanation for its instability lies in the fact that the 
hydrogen atom is attached to a strong electron-attracting group and read¬ 
ily splits off as a proton: 


0 

II 


CO + HCl 


The aromatic acid chlorides give the same reactions, but they are less 
reactive. A possible explanation for the reduced activity of benzoyl chlo- 
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ride, for example, lies in the fact that the phenyl group acts as an electron- 
release group when attached to an electron-attracting group: 



C—Cl 



The result of such an effect would be to reduce the electrophilic activity 
of the carbonyl carbon atom. 

Benzoyl chloride is often used as a benzoylating reagent in the presence 
of sodium hydroxide solution. Under these conditions it is more reactive. 
The true function of the hydroxide does not appear to be established. In 
the benzoylation of an amine, alcohol, or phenol, obviously the nucleo¬ 
philic hydroxyl ion does not attack the carbonyl carbon atom of benzoyl 
chloride only, for if this were the case hydrolysis would result and the 
desired benzoylation would not occur. Therefore, the base must cause 
an increase in the concentration of the desired anion. In the benzoylation 
of alcohols and phenols, the formation of OR and OAr would be in¬ 
creased by the presence of a base. It is interesting to note that from the 
relative nucleophilic activity of the anions NH2, OR and OH, the hy¬ 
droxyl ion would be expected to add less readily than the amide or alkoxy 
ions to the carbonyl carbon atom: 


r 0 

C6H5C—Cl-f- C6H50^H- 


NaOH 




C 6 H 5 C-*C 1 
OC 6H5 


-h HOH 4- Na 


0 

// 

C6H5C—OC6H5 + NaCl 
phenylbenzoate 


The same reasoning may be applied to the benzoylation of amines and 
- + 

the tendency RNH+-H would be enhanced by the base: 
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+ - 
NaOH 


c° 

^// 


C6H5C- Cl 


C6H5NH 


H 

+ 


r° 

^ I 

C6H5C—►Cl 

I 

NHC6H5 




HOH 4 - Na 


0 

// 

C6H5C —NHC6H5+ NaCl 
benzanlllde 


Pyridine is frequently used as a promoter and solvent for benzoylation 
reactions. A probable explanation for the promoting action of pyridine 
has been given under the aliphatic chlorides. There is another possible 
explanation for the effect of pyridine in these reactions. Heat is evolved 
when an acyl chloride is dissolved in pyridine and an addition compound 
is formed: 



% ^ // 

N -f- Arc-Cl 




Cl 


This quaternary addition compound may well be the actual acylating 
agent. The formation of such a compound may be shown as follows: 


ro 

^11 

Ar - C - Cl 






Ar 



I n 

c—0 

I 


Cl 



Cl 


This intermediate could then act as the acylating agent: 


m 



Ar 



+ 


ArNH 


•f 

H 


C N-*- C-0 

\=/ , 

NHAr 


0 

// 

Arc - NHAr 


+ 



'^+ 

^ NH 


Acid amides. The composite functional group of the amides is coni^| 
posed of a carbonyl group and an amine group. The amides are very 
weak bases which form salts only with strong acids. Salts such as the hy¬ 
drochlorides, RCONH.,*HCl, are readily hydrolyzed by water. There are 
two possibilities for the structure of the salts 


OH 

-H 

yO 

/ 


& 

RC, 

X and 

RC —NH3 



— 

NH2 




although the first is to be preferred because resonance is possible in the 
cation of only the first form. In other words, the first cation would be 
stabilized through resonance. The amides also show weak acidic prop¬ 
erties. When acetamide is heated with potassium in benzene, potassium 
acetamide is formed. Such salts are rapidly decomposed by water or 
alcohol. The potassium salts may be formulated as follows: 


0 


0 

/ 

-1- 


RC 

K < -► 

RC 

\\ 



NH 


NH 

—. — 


_ - 


or RC 


/ 

\ 




NH 


The actual structure of a neutral amide is best represented as the reso¬ 
nance hybrid of two structures: 


0 

// .. 

RC—NH2 


/ 


-►RC 


NH2 


m 



It also appears possible that small amounts of another form tautomeric 
to this exists, namely: 

/OH 

NH 


The amides, like the acid anhydrides and acyl chlorides, are readily 
hydrolyzed. Hydrolysis is catalyzed by both acids and bases, but more effi¬ 
ciently by the latter. Base-catalyzed hydrolysis involves a nucleophilic 
attack of the hydroxyl ion on the carbonyl carbon atom and may be 
j|iown as follows: 


RC - NH 2 + OH 



0 

// - 

RC —0 4 - NH3 


A salt of the acid would be the final product. Here again it will be noted 
that the addition of the anion to the carbonyl carbon atom tends to neu¬ 
tralize the electron attraction of the carbonyl group. Thus the C—N bond 
may be considered to have been weakened and the tendency to cleave is 
further aided by the ease with which the carbonyl carbon atom can re¬ 
cover a pair of electrons from the adjacent electronegative oxygen atom. 
That the NH^ group splits off rather than the hydroxyl group is due to 
the fact that this leads to an irreversible reaction. 

Acid-catalyzed hydrolysis involves the initial addition of a proton to 
the —NH2 group or more probably to the carbonyl oxygen atom: 


0 

RC—NH24- H ^ 


0 

// 

RC -►NH3 



0 

ll + 

RC* 0 H+ NHu 


RC—NH2-j-H ; 


OH 

4 - 

0—-H 

1 

H-^OH 


RC = NH2 


RC -♦NH3 

1 



OH 


0 

// + 
RC-OH + NHu 


too 



In the second course of reaction the addition of the proton gives a cation 
which has the necessary grouping for an electromeric shift and subse¬ 
quent addition of the nucleophilic hydroxyl ion. The cleavage of the 
carbon-to-nitrogen bond is brought about by the strong electron attrac¬ 
tion of the —NH3 group. This tendency to pull away is undoubtedly aided 
by the ease with which the carbon atom can acquire a share in an electron 
pair from one of the adjacent oxygen atoms. 

The conversion of an acid amide into a primary amine by the action 
of chlorine or bromine and an alkali (Hofmann reaction) involves the 
migration of an alkyl group from carbon to nitrogen. This reaction has 
been represented as follows ( 76 ): 

HR HR 

I I K I 

H-^N —C= 0 +Br-*- ONa-►Br—N—C = 0 + NaOH-► 

+ - + _ 


R— N = C = 0 + Br 
alltyl Isocyanate 

The loss ot a proton in the second step may be attributed to the electron- 
attracting carbonyl group and to the presence of a base. The structure 

H H 

I I I 

—N—CrrO, is similar to the grouping —C—C=rO in this respect. The 

migration of the alkyl group as a carbanion is induced by the electron 
attraction of the bromine atom and the tendency of the electron-rich 
oxygen atom to increase its covalence with carbon through an electromcric 
shift. The bromoamide as well as the isocyanate can be isolated from the 
reaction. There is some evidence ( 109 ) which indicates that the migra¬ 
tion is intramolecular and does not involve the existence of a free carban¬ 
ion. It must be assumed from this that die attachment of the alkyl radical 
to nitrogen is initiated before the cleavage of the radical from carbon is 
complete. The final step, hydrolytic conversion of the isocyanate to a 
primary amine, may be shown as follows: 




Br 


^ ^ . + 
N =C —0 + HOH + Na - 


r\ 

-N = c=0 -H OH- 


A A 

R—N=C—0 
I 

OH 


— 4 ’ — 
H-^OH 


201 



H /-V 

I + M- 
R—N—0 = 0 + 


OH- 


OH 


H 0 —H 

, I I 
|R—N+-C —0 


-► RNH2 + HCO3 
+0H 

CO 3 4 - HOH 


The Curtij4S re arrangement of acid azides to isocyanates may be rep¬ 
resented by a similar mechanism ( 76 ). This change does not involve 
catalytic action, for it occurs on heating alone or in a neutral solvent 
such as benzene: 


R 

r\ I o 

0 = C— N—N=N- 


R 

r\ 1 -^ 

.0—‘C = N-^N=N- 


R —N =C :=0 + N2 


The azide group actually is a resonance hybrid of two structures: 
:N::N::N: and :N:N:::N: or— n=:n::±N and —N^-N=N 

In general the aromatic acid amides give the same reactions as the 
aliphatic amides. O 

Esters. The chemistry of the composite ester group, —C—OR, is 
readily explained from the fact that it consists of a carbonyl group and 
an ether grouping. Like the other acid derivatives, the esters may be 
hydrolyzed. In the presence of water alone, the rate of hydrolysis is low 
and equilibrium is established very slowly: 


// 

RC-OR* + 


HOH: 


// 

;RC— 0 H+ R' 


OH 


The presence of acids increases the rate at which equilibrium is reached, 
but the reaction does not reach completion unless one of the products 
is removed as it is formed. Base-catalyzed hydrolysis, however, goes to 
completion. The first step in basic hydrolysis is the addition of the hy¬ 
droxyl ion to the carbonyl carbon atom. 
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^11 

CHj—C—OC2H5 + OH 
ethylacetate 


O 

// - 

CH3C- 0 + C2H5OH 


The addition of the hydroxyl group destroys the resonance of the ester 
grouping and weakens the OR bond. It may be stated more simply 
that the addition of the anion tends to neutralize the electron attraction 
of the carbonyl group and thus weakens the C—OR bond. The cleavage 
of this bond is facilitated by the ease with which the carbon atom can 
acquire a share in an electron pair from one of the adjacent electron-rich 
oxygen atoms. The presence of electron-attracting substituents in either 
R or R' facilitates the addition of the hydroxyl ion to the carbonyl car¬ 
bon, while the presence of electron-repelling substituents retards the ad¬ 
dition of the hydroxyl ion. These effects are most pronounced when the 
substituents are in the R group. In general, the ease with which alkaline 
hydrolysis occurs increases as the strength of the parent acid of the ester 
increases. 

It was suggested originally that acid-catalyzed hydrolysis involved the 
transfer of a proton from the catalyst to the oxygen atom of the OR' 
group: 


0 

II a. + 

R- C —OR' + H 
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It has been pointed out by later workers, however, that it is difficult to 
understand why in acid hydrolysis but not in esterification the proton 
should add at the ether oxygen rather than at the carbonyl oxygen. 
Resonance in the ester grouping 

0 

// 

RC 

\ 

OR' 


RC 


w 


OR' 


would establish a fractional negative charge on the carbonyl oxygen 
atom and it is reasonable to assume that the proton would add to this 
^tom. The following mechanism for acid hydrolysis has been suggest¬ 
ed (110) as being in better agreement with the accepted mechanism 
for esterification: 


Ci 


R—C~0R* + H 

-H 


OH 

I 

R~ C -“OR» 


- 

H>0H 


0—H 0 

I-' , + // 

R~ C-^0R» + H RC- OH -f R'OH 

I 

OH 

In both of these mechanisms the cleavage of the C—OR bond is made 
possible (in the last step) by the same factors which were noted in alka¬ 
line hydrolysis. 

The mechanisms noted above do not include the hydrolysis of the 
esters of tertiary alcohols ( 40 ), The latter behave like the esters of 
strong acids such as sulfonic acids, in that cleavage of the alkyl-oxygen 
bond occurs when they are hydrolyzed: 


0 


R — 


II 

c —0 —CR3 + 


0 H 


R —C —0 


+ 


CR 3 


+ - 

H->0H 

-► 

^- 


0 

// 

RC—0H4' R 3 COH 4- H' 


204 



4 - - 
H-»OH 


or 


r° 

R—C — 0 —CR3 + H 


OH 


R—C —0 —CR3 


0 


// 

RC-OH+ R3COH+ H 


In acid media the initial step is undoubtedly the addition of a proton to 
the ether oxygen atom or to the carbonyl oxygen followed by cleavage. 
The electron-release effect of the tertiary radical is the directing influ¬ 
ence in these reactions. It is not necessary to postulate an alkyl car- 
bonium ion intermediate in this reaction, for it is probable that the 
hydroxyl ion starts to add before the cleavage is completed. The mech¬ 
anism involved in base-catalyzed hydrolysis of such esters is not as ob¬ 
vious. It may be assumed that the hydroxyl ion attaches itself to the 
carbonyl carbon atom, although the electrophilic character of the car¬ 
bonyl carbon should be weakened in these compounds. Furthermore, 
such a mechanism could scarcely be applied to the alkyl sulfonates and 
sulfates. For the present, these reactions will be represented as follows: 


0 0 
// \ // ~ 

RC- 0 ^ ^3 + OH-- RC —0 + R3COH 


CH3 —0 —SO2 —O4.CH3 -f OH 
- -► 

d Imethylsulf ate 


CH3-40 —SO2—O + CH3OH 
+ 

1+ OT 

SOu ■+- CH3OH 


The reactions of ammonia with esters may be written in a similar man¬ 
ner. Ammonolysis occurs most readily with methyl esters and generally 
requires the presence of some water: 




R- C—OR' + H 
+ + 


NH2i; 


^1 

R-C-*OR' 

I 

NH2 


+ H- 


0 

// 

RC —NH 2 + R' OH 
amide 


The rates of ammonolysis of various esters differ considerably depending 
on the nature of R and R'. The rates decrease as the electron-release 
effect of R or R' increases. The retarding effects of various alkyl groups 
on ammonolysis rates of esters have been established through kinetic 
studies (111): 

CH3 

y CH3CH2CHCH3 ^CHjCHCHa - y CH3CH2CH2CH2 
CH3 

CH3CH- ^ CH3CH2CH2-^ CH3CH2—^ CH3 — 

These results are in accord with the belief that the electron-release ef¬ 
fects of R and R' tend to reduce the electrophilic activity of the car¬ 
bonyl carbon atom, the magnitude of reduction being dependent on the 
relative electron release of the group in question. 

Actually one may consider two possible mechanisms for the ammonoly¬ 
sis of esters: 

, Q 

I R-C -0 —R-|-:NH 35 ZZZZ± R —C-*OR'-► 

+ I 

H-»NH2 


0 

II 


R-C-HH2-I- R'OH 



II 


+ 

R-C —OR»-f- -l^R —C->OR»+ H- 

'+■ I 

NH2 


0 

II 

R—C—NH 2 4- R'OH 

Both mechanisms involve the addition of a nucleophilic agent to the 
carbonyl carbon atom. The fact that the presence of a polarizing (ioniz¬ 
ing) solvent such as water is necessary for ammonolysis to occur readily 
suggests that II is more probable than I. It is not necessary to postulate 
free amide ions (NH2), although they may exist to some extent. It is 

possible that through hydrogen bonding the polarization of the H-^NHg 
bond may be increased to the point that it simulates ionization. Hydro¬ 
gen bonding may occur in two ways but only in the second case would 
the essential polarization be enhanced: 

H 

I 

H 3 N.H—OH and H—0. H—NH^ 

That the latter type of hydrogen bonding is involved appears to be sup¬ 
ported by the fact that the ammonolysis of esters proceeds even more 
readily when carried out in anhydrous ethylene glycol (112). 

In the last step of the ammonolysis 


'♦I -fH II 

R — C OR* — -► R-~ C-~NH2 + R*OH 

I 

NH2 

the less nucleophilic OR group splits off more readily than the more 
nucleophilic NHg group, the cleavage being facilitated by the ease with 
which the carbonyl carbon atom can recover an electron pair from the 
adjacent oxygen atom. 

Claisen condensation. Under the influence of sodium ethoxide, soda- 
mide, mesityl magnesium bromide, and similar catalysts, the monocar- 
boxylic esters undergo condensation with aldehydes, ketones, and car¬ 
boxylic esters to form p-keto derivatives. It is probable that the real 
catalyst is a strong nucleophilic reagent such as OCgHg, NH^, or 
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(CH3)3CeH2, which are anions of weak acids. The reaction essentially 
consists of an aldol-type addition to a carbonyl group. As noted pre¬ 
viously under the aldol condensation, two requirements are essential: 
the ionization of active hydrogen in the reagent being added; and polari¬ 
zation of the carbonyl group to which addition occurs. Both would be 
facilitated by the presence of basic catalysts. The self-condensation of 
ethylacetate to form ethylacetoacetate is the most widely used example 
of the Claisen condensation. The mechanism may be shown as follows: 

OC2H5 

I A + 

CH3 —C= 0 + CH2-C-0 Na 7 » 

* ■ I 

OC2H5 


OC2H5 0 

t II 

CH3—C- CH— C—OC2H5 

IN 

0 H 
Na"*’ 


0 

II 

CH3 —C =CH—C —OC2H5 -j- C2H5OH- 


0 

Na+ 


CH3— C=CH —C-OC2H5 4 - Na 

h 

O-H 

If i 

CH 3 — C —CH — C —OG 2H 5 

rll M 


^0 H 



Since the final product is a metal enolate, the catalyst used must be the 
salt of a weaker acid than the parent acid of the enolate ( 113 ), for oth¬ 
erwise the equilibrium would lie far to the left. Continuous removal of 
alcohol from the reaction also shifts the equilibrium to the right. The 
above mechanism is based on principles which have been discussed pre¬ 
viously. 

It was formerly thought that the Claisen condensation occurred only 
when two hydrogen atoms were attached to the alpha carbon atom. It 
is known now that a salt of a weaker acid than ethyl alcohol will effect 
the condensation when only one alpha hydrogen is present. Ethyliso- 
butyrate undergoes no appreciable condensation in the presence of so¬ 
dium ethoxide. However, in the presence of mesityl magnesium bromide 
the reaction may be carried out. This is attributed to the fact that mesity- 
lene is a much weaker acid than ethyl alcohol, "^e condensation product 

from ethylisobutyrate, (CH3)2CHCOC (CH3)2C^OC2H5, is less acidic 
than e thy lace toacetate since its only active hydrogen is a gamma hydro¬ 
gen atom. 

A similar mechanism may be written for the condensation of esters 
with ketones, such as the reaction of ethylacetate with acetone to yield 
acetyl acetone: 


OC 2H5 

In, ^ ^ ^ 

CH3~C = 0 H“CH2-‘C —0 Na : 


-f - 


CH3 


OC2H5 

t 

: CH 3 — C — CHCO — CH 3 

IM 

0 H 




CH3—C=:CH —CO—CH3 +C 2 H 50 H- 


0_ 

Na'*' 


o 

CH3—C = CH—CO—CH3 

11 

0 —H 


II 


CH 3 — CO—CH 2 — CO — CH3 
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The use of sodium hydride for effecting the condensation of certain 
carbonyl compounds has been reported (IH) : 


0 0 

(CH3) 2CHCH2C —OC2H5 4- (CH 3 > 2 CHCH 2 C —OC2H5 
etliyl Isovalerate 


NaH 


t CH 3 ) 2CHCH 2COCHCOOC 2H 5 
C'H(CH 3)2 

ethyl OC-isovaleryl Isovalerate 


The chief function of sodium hydride as a condensing agent is to facili¬ 
tate the formation of the anion which is necessary for the addition to 
occur: 


H 0 

i ii + - 

(CH3) aCH—CH— C—OC2H5 + Na-^H-► 


0 Na 

(CH3) aCH—CH—c—ocaHs + h —h 


Sodium hydride may also act as a reducing agent. Benzophenone, which 
has no alpha hydrogen, is reduced to benzhydrol (diphenylmethanol) 
when refluxed in xylene solution in contact with sodium hydride: 


H 

rv * _ I 

{C 6 H 5 ) 2 C= 0 -I- Na.*H -► (C6H5)2C—ONa- 

+ - 


(C6H5)2CH0H+ Na 


With benzaldehyde, however, little reduction occurs but a good yield 
of benzylbenzoate is formed. This behavior is somewhat similar to the 
action of sodium alkoxides on aromatic aldehydes (page 139 )- The reac¬ 
tion mechanism may be shown as follows: 
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H 


H 


I rv + 

CfiHsC^O + Na 
+ - 


I - + 

I^CeHsC — 0 + Na 

I 

H 


H 


H 

I ^ 


H 


H 

t 


• • - 4. 

CeUbC-O +C6H5C~-0 Na ^ rrZZ ? C 6 H 5 C- 
-f - 


c, 


I + 

-CC6H5 Na- 

I 

H 


0 

II 

C6H5C- 0 '-CH2C6H5 + NaH 


*^The use of diethylaniino magnesium bromide for the condensation of 
certain esters has been reported also ( 115 ). These reactions are quite 
rapid and the yields of ^-ketoesters are fairly good. In some cases amide 
formation was observed also: 

2 CH3COOR' + (C2H5)2NMgBr-► CH3COCH 2COOR ’ 

RCOOR’-f (C2H5)2NMgBr-►RCON(C2H5)2 

The data indicate that diethylamino magnesium bromide reacts chiefly 
with the alpha hydrogen atoms of the alkyl acetates, ethyl propionate, 
^-butyhn-butyrate, ethyl phenylacetate, and ethyl 7z>butyrate. The same 
reagent, however, attacks the carbonyl group of ethyl isobutyrate and 
ethyl isovalerate. It is interesting to note that although ethyl propionate 
is self-condensed by diethylamino magnesium bromide, it forms the cor¬ 
responding amide with methylanilino magnesium bromide. 

A cyclic mechanism has been suggested for the self-condensations noted 
above ( 115 ): 


(C2H5)2N 


MgBr 


H 0 ^ 

l-v //-^ 

CH2 —c 

'^OB 


^ OMgBr 

CH2 = C -t-(C 2 H 5 ) 2 NH 

^OR 

magnesium enolate 
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OMgBr 0 


dil. 

H2SO4 


. 

CH3C 

■ "x ^ 


MgBr 

- 

OR CH2 = C~' 0 R 


'CH3C—CH2— C —or 
6r 


CH3COCH2COOR+ ROH + 

This mechanism involves the intermediate formation of ephemeral ring 
structures within which the necessary electron shifts occur to form the 
end products. 

It is possible to explain the above reaction without involving a cyclic 
mechanism: 


■‘"H 0 

i II + 

CH2 —C—OR + (C2H5)2N-^ MgBr-► 


-^0 

CH2 —c —OR^ MgBr-f-(C2H5) 2NH 


+ 


— 

A I. 

CH2-C-OR 


ro 

+ '-II 

MgBr 4 - CH3C —OR- 


C? 


0 

II 


CH3-C —CH2 —C—OR 

I 

OB 


MgBr 


+ 0 0 

. j ++ 

—►CHj—C—CH2C—OR + ROH 4 - Mg 

su 




In this case the diethylamino magnesium bromide is pictured as facili¬ 
tating the ionization of alpha hydrogen and the hybrid anion resulting 
from this ionization then undergoes addition with another ester molecule. 

The difference in behavior between diethylamino magnesium bromide 
and methylanilino magnesium bromide is undoubtedly due to the fact 
that CeHgNCHg is a weaker base than (C2H5^)2N and consequently would 
be less active in promoting the ionization of alpha hydrogen. As a result 
the competing reaction, aminolysis, becomes the predominant reaction. 



CH3CH2 ~C~0CH2CH3 


C6H5N-^MgBr 

CH3 


C.I 

CH3CH2 — C 


OCH2CH3 


MgBr 


■¥ 


C6H5-“N“-CH3 


0 

11 ^CH 3 /OC2H5 

CH3CH2C—+ Mg 

^C6H5 ^Br 

/V-me t hy 1-/V-ph e ny 1 
proplonamlde 

It has been noted previously that in the self-condensation of esters, the 
catalyst used must be the salt of an acid weaker than the parent acid of the 
hybrid anion for otherwise the equilibrium would lie too far to the left 
to be of any practical value. This same reasoning may be applied here. 
The fact that diethylamino magnesium bromide reacts chiefly with the 
alpha hydrogen atoms of ethyl-7?-butyrate but mainly with the carbonyl 
group of ethyl isobutyrate is readily explained. Since ethyl isobutyrate 
is a weaker acid than ethyl-n-butyrate, the same catalyst will not neces¬ 
sarily promote the self-condensation of both esters unless it is a weaker 
acid than both. 

The cyclic mechanism cannot be regarded as an established one at the 
present time and there appears to be no very sound reasons for preferring 
it rather than the simpler mechanism shown above. The fact that the self¬ 
condensations noted above take place rapidly is not in itself an indication 
that a cyclic mechanism is involved, for the rate of ionization of alpha 
hydrogen would depend primarily on the basic strength of the catalyst 
used. 

Reaction with Grignard reagents. The reaction of esters with alkyl 
magnesium halides also involves the ketonic character of the ester group. 
Addition products are formed which by further reaction may yield ke¬ 
tones or tertiary alcohols. In actual practice ketones are difficult to isolate 
in good yields, for they react too rapidly with an additional molecule of 
alkyl magnesium halide. The following mechanism involves principles 
which have been discussed previously: 
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OC2H5 

CH3 0 + CH3^ Mgl- 

+ - - + 


OC2H5 

CH3—c—0 —Mgl' 

I 

CH3 


0 ^ocaHs 

CH3CCH3 -f 


CH3 

I ni^' 

CH3- C= 0 + CH3 ■ 
+ — ~ 


Mgl- 


CH3 

-►•CH3— C —0 —Mgl 
CH3 


H-*OH 


(CH3 )3C0H + Mg (OH) I 


Esters of a,p-unsaturated acids. The behavior of the conjugated system 
in esters of this type may be compared with the reactions of other a,j3- 
unsaturated carbonyl compounds. Both 1 , 2 - and 1 , 4 - additions have been 
observed. There is less experimental evidence available than in the case 
of the a,j0-unsaturated aldehydes and ketones, but in general it appears 
to be in harmony with the mechanisms discussed for the reactions of 
the corresponding aldehydes and ketones. For example, the addition of 
malonic ester to ethyl cinnamate, under the influence of a small amount 
of sodium ethoxide (Michael reaction), proceeds by way of the 1 , 4 -addi- 
tion mechanism: 

. Oir 

CsHsCHrrCH—C-OC2H5 + H-* CH (COOC2H5 ) 2 7 '-"~.•* 


°T 

CgHgCH —CH = C — 


H 

OC2H5 


CH{C00C2H5)2 


0 

II 

♦ CgHgCH—CH 2 —C—OC 2 H 5 

I 

CH(C00C 2 H 5)2 
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Hydrolysis and decarboxylation of this product leads to the formation 
of )5-phenyl glutaric acid. 

With Grignard reagents, both 1 , 2 - and 1 , 4 - additions have been re¬ 
ported. The mode of addition appears to be determined largely by the 
same factors previously discussed under the reactions of the a,)0-unsatu- 
rated aldehydes and ketones: (1) number and magnitude of electron¬ 
releasing groups present; (2) proximity of the latter to the carbonyl 
group; and ( 3 ) the activity of the Grignard reagent: 


OCH3 OCH3 

I ^ 1 , 2 -addn. t 

I C 6 H 5 CHir CH — CHO -► C6H5CH r: CH — C -0 “ Mgl 

rnethylc Innamate t | 

1 CH3 

CH3^- Mgl 

0 

II /OCH 3 

--►C6H5CH=CH-C-CH3 + Mg^ 

laethyl yff-phenylvlny). \ ^ 

ketone 


CH3 CH3 

I /> 1,2-addn. I _ ^ 

II C6H5 CHz:CH— C = 0 -► CeHsCHz: CH—C — 0 ♦-Mgl 


CH34- Mgl 


CH3 


H-»OH 


C 6H sCHzi CH— C ( CH 3 ) 2 + Mg ( oh ) I 


OH 

dlmethylyS-phenylvlnyl carblnol 


C6H5 OCH3 

I I 

III C 6 H 5 CH=:C-C = 0 -f 2 CH 3 MgI 

oc-phenyl inethylclnnamte 


followed 

hydrolysis 


C6H5 

I 

C6H5CH C C(CH3)2 (1 » 2 -addltIons) 

1 

OH 

dime thy l<<./^-dlphenyl carblnol 


21S 



IV 


C 6 H 5 OCH3 


C6H5CH= C 


I l,4-addn« 

'C =0 -1 


‘C6H5^ Mgl 


C6H5 C6H5 OCH3 

III + - 

' ' I - + H-^OH 

C6H5~ CH —C = C-“O^MgI - 


C6H5 C6H5 


C6H5-'CH-C == 


OCH3 

1^ 

C— 0 —H -f- Mg (OH) I 


C6H5 

I 

(C 6 H 5 ) 2 CH-CH-C 
methyl ®c,/J-diphenyl- 
d Ihydroc Innamte 




0CH3 


The esters of acrylic acid and methacrylic acid are of particular inter¬ 
est because of the ease with which they polymerize to important thermo¬ 
plastic polymers. They polymerize under the influence of heat, light, 
or peroxides. Small amounts of oxygen also promote the polymerization. 
The reaction follows a radical mechanism and apparently it is the func¬ 
tion of the catalyst to supply a radical which initiates a chain reaction. 
It is known, for example, that benzoyl peroxide and acetyl peroxide 
slowly decompose to form free radicals: 


0 0 


0 


C6H5C-~0—0—CC6H5-► 2C6H5C~-0’ 


0 0 0 

il II II 

CH3C~'0~ 0~CCH3-^ 2CH3C~ 0-- 2CH3 + 2CO2 


In the case of the acetyl peroxide, the free acetyl radical is known to 
further decompose to a free methyl radical and carbon dioxide. The free 
benzoyl radical probably undergoes a similar decomposition. 

The polymerization of the acrylates leads to the formation of long 
carbon chains with ester groups on alternate carbon atoms: 
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X CH2=CH 


COOCH3 


-CH2-CH -CH2-CH — 

I I 

COOCH3 COOCH3 


CH3 

I 

X CH2 =c 


COOCHj 


CH3 CH3 

I I 

-CH2-C~ CH2- C — 

i I 

C00CH3 C00CH3 


Electronically, this may be shown as follows: 


oa 

CH2: :CH + R- 
COOCH3 


RCH2 —CH* 

I 

COOCH3 


a 

CH2::CH 


RCH2—CH* 

I 

COOCH3 


♦ RCH2CH —CH2“~CH- etc. 

I I I 

COOCH3 COOCH3 COOCH3 


The free radical initiates the reaction and the first reaction product is 
also a free radical. The latter ran then activate another acrylate molecule 
and the chain continues to grow. Actually the free radical from the cata¬ 
lyst might add to the second carbon atom rather than the third. It will 
be noted, however, that the same type of linear polymer would be formed: 


II 


CH 2:: CH + R- 
I 

COOCH3 


•CH2—CHR 
I 

COOCH3 


•CH2CHR + CH2: :CH-►•CH2CH—CH2~CHR etc. 

I • » I I 


COOCH3 COOCH3 COOCH3 COOCH3 


Theoretically, a third course of reaction is possible: 
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RCHjCH- + CH2::CH-►RCH 2CH-CHCH2- 

TIT I I II etc* 

COOCH3 COOCH3 COOCH3 COOCH3 


There is no evidence available to indicate that any of the above reactions 
proceeds by path III. In the case of the polymer of methyl a-chloroacry- 
late there is experimental evidence to show that the halogen atoms are 
attached to adjacent carbon atoms: 


— CH 2CCI-CCICH 2 — 

1 I 

COOCH3 GOOCH3 


X 


It is probable, therefore, that the polymerization of methyl a-chlorbac- 
rylate follows course III. 

It is more difficult to predict the course of radical reactions than “ionic'' 
reactions where electron pairs are involved. It is reasonable to suppose 
that the initial free radical will attack the acrylate at that point where it 
can most readily form a paired bond (point of greatest electron density). 
There does not appear to be sufficient evidence at present to enable one 
to predict with any degree of accuracy what points within the molecule 
should be most active. 
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CHAPTER XXII 


Reactions of Aliphatic Amines 


The amines may be regarded as derivatives of ammonia in which one, 
two, or three of the hydrogen atoms are replaced by aliphatic radicals. 
The three classes of amines are called primary, secondary, and tertiary 
amines, respectively. They are similar to ammonia in that each has an 
unshared electron pair on the nitrogen atom. The basic properties of the 
amines are dependent on this unshared pair which acts as a proton ac¬ 
ceptor: 


H 

CH 3: N: + H 
H 

inethylamlne 


Cl- 


H 

CH3:N:H 

H 


+ 

Cl 


inethylainmonlum 
chloride 


CH3 

CH3 :N: + H—.►CL 
H - 


CH3 

CH3:n:H 

H 


Cl 


dlmethylamlne dlmethylammonlum 

chloride 


CH3 

CH3 :n: + H—► 

•• + 

CH3 

tr line thylamlne 


CL 


CH3 

» • 

CH3:n:h 

CH3 


Cl 
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Nitrogen has five valence electrons and in ammonia and the amines 
three are used in pairing with the electrons of hydrogen and carbon. The 
addition of a proton to the unshared pair of electrons contributes a posi¬ 
tive charge to the radical because the total number of valence electrons 
is one less than the number belonging to the component atoms. In the 
ammonium and alkyl ammonium salts, four of the fjonds are predom¬ 
inantly covalent and the fifth ionic. 

The linkage of a [proton to nitrogen is one which is readily formed and 
readily broken. The addition of sodium or potassium hydroxide solution 
to an alkyl ammonium salt releases the free amine: 

[(CH^) 3N—+ OH -►(CH3)-3N+ HOH 


In this reaction the ammonium ion may be regarded as an acid, since it 
donates a proton to the hydroxyl ion. 

The water-soluble amines react with water in the same manner as am¬ 
monia. In all cases, weakly basic solutions are formed: 


(CH3 ) 2NH + HOH 


+ 


(CH3)2NH 2 


OH 


In the forward reaction, the amine is acting as a proton acceptor and the 
water molecule as a jnoton donor. In the reverse reaction, the hydroxyl 
ion acts as a proton acceptor and the ammonium ion as a proton donor. 
The hydroxyl ion and the amine compete for the proton. The hydroxyl 
ion being a very strong base has a much stronger attraction for the proton 
than the free amine, consequently the equilibrium lies far to the left. 
The dissolution of ammonia, primary, secondary, or tertiary amines in 
water is accompanied by the formation of associated molecules as a result 
of hydrogen bonding. Hydrogen-bonded molecules of the following type 
may exist in aqueous solution: 

H R 

I I 

H3N.H —OH R—N—-H—OH R—N—-H —OH R 3 N—-H-OH 

II 

H H 


The relative basic strengths of primary, secondary, and tertiary amines 
are not always predictable on the basis of inductive effects alone. For ex¬ 
ample, the introduction of one or two methyl groups into the ammonia 
molecule increases the basic strength: 


(CH3)2NH 


CH3NH2 


NH3 


Kk = 59.9 


-5 
X 10 


K|^=:42.5 


-5 

X 10 


Kk~1.79 


5 

X 10 
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This is to be expected since the electron-release effects of the methyl 
groups would tend to increase the electron density on the nitrogen atom 
and thus increase its tendency to act as a proton acceptor. The introduc¬ 
tion of a third methyl group, however, produces a marked decrease in 
basic strength, K^^—6.31 X 10“®. Trimethylamine thus lies between am¬ 
monia and methylamine. 

It has been suggested that this anomaly is due to a steric factor (116). 
It is believed that the three bonds of a trivalent nitrogen atom should 
extend into space at angles of 90° to each other. In the cases which have 
been examined they have been found to be considerably larger. This in¬ 
crease or spreading was assumed to be necessary in order to accommodate 
the attached groups. The addition of a fourth atom or group reduces 
the expanded angles as a result of forcing the configuration of the nitro¬ 
gen atom towards that of a tetrahedron. The crowding together of the 
four groups sets up a strain which decreases the stability of the addition 
compound. Such an effect would tend to reduce the electron-donor activ¬ 
ity of the nitrogen atom in tertiary amines. This explanation offers a 
logical solution of the anomaly mentioned above. The authors of this ex¬ 
planation have shown that the relative affinity of methylamine, dimethyl- 
amine, and trimethylamine for trimethylboron (as determined from the 
dissociation constants of the addition compounds) is the same as their 
attraction for protons (as measured by their basic dissociation constants). 

Similar results were obtained from ethylamine, diethylamine, and tri- 
ethylamine when hydrogen chloride was used as the reference acid: 


(C 2 H 5 ) 2 NH ) C2H5NH2 ) {C2H5)3N ) NH3 


When trimethylboron was used as the reference acid, the order was 
altered: 


C2H5NH2 


> 


(C 2H 5)2NH 


> 



(C2H5)3N 


Replacement of methyl groups with ethyl groups would increase the steric 
factor. This increase does not change the relative base strengths when 
hydrogen chloride is the reference acid. When the more hindered acid, 
trimethylboron, is used the order is changed. The use of a more highly 
hindered reference acid, tri-t-butylboron, produces a further change: 


NH3 


> 


C2H5NH2 


> 


(C2H5) 2NH 


> 


(C2H5)3N 


From this brief summary of some of Dr. Brown's work, it will be noted 
that the relative base strengths of amines are dependent on three fac¬ 
tors: (1) inductive effects of the group or groups attached to nitrogen; 
(2) a steric effect which is dependent upon the number and size of the 
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groups attached to nitrogen; and (3) magnitude of steric hindrance asso¬ 
ciated with the reference acid itself. 

Tertiary amines react with alkyl halides to form quaternary ammonium 
salts: 


(C2H5)3N: + C2H5-^r 

+ - 



I 


tetraethylairanonlum Iodide 


This addition usually proceeds most readily with alkyl iodides. It is prob¬ 
able that the formation of the new carbon-nitrogen bond proceeds simul¬ 
taneously with the breaking of the carbon-iodine bond. In this case the 
nitrogen atom acts as an acceptor for a carbonium ion. The quaternary 
salts are converted to the corresponding hydroxides when treated with 
moist silver oxide: 


r 

r 1 

{C2H5)4N I -|- AgOH- 

-► {C2H5h N 


OH + Agl 


These hydroxides are strong bases and the hydroxyl group is held to the 
ammonium group by an ionic bond similar to the bond in sodium hy¬ 
droxide. 

Although the quaternary hydroxides are fairly stable, they decompose 
when heated. Tetramethyl ammonium hydroxide, for example, forms tri- 
methylamine and methyl alcohol: 

-b 


OH-► (CH 3 ) 3 N + CH 3 OH 


CH3 

I 

CH3—N-.-CH3 

I 

CH3 


The quaternary bases of higher molecular weight usually give a tertiary 
amine, an olefin, and water: 


CH2CH3 H 

CH3CH 2—N-^CH 2—CH 2 
CH2CH3 


OH- 


C 2 H 5)3 N -j- H2C=CH2 + HOH 


The greater electron attraction of the nitrogen atom is the primary cause 
of the cleavage of the nitrogen-carbon bond. The simultaneous elimina¬ 
tion of a proton would facilitate the cleavage. The formation of the pro¬ 
ton is undoubtedly induced by the fractional positive charge on the 
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adjacent carbon atom. The presence of the hydroxyl ion may also be 
considered to promote proton formation. 

When trimethyl ethyl ammonium hydroxide is heated, the ethyl group 
is eliminated (as ethylene) in preference to a methyl group. This is in 
accord with the belief that the ethyl group has a somewhat greater elec¬ 
tron-release effect. 

Quaternary ammonium salts also decompose when strongly heated; 

jlc 2 H 5 ) 2N(CH3) 2J Ci-►(C2H5) 2NCH3 + CH3CI 

The smallest alkyl group is usually eliminated as RX. This is not in 
agreement with the relative electron-release effects noted above. Here rela¬ 
tive electron-release effects do not appear to be the predominant factor. 

The reactions of the amines discussed above depend on the unshared 
electron pair on the nitrogen atom. Another group of reactions involves 
replacement of hydrogen atoms which are attached to the amino nitrogen 
atom. These reactions, of course, are limited to the primary and secon¬ 
dary amines. Hydrogen, when attached to nitrogen, may be regarded as 
active hydrogen and, under suitable conditions, is replaced by metals 
such as sodium: 


2NH3 + 2Na-► 2NaNH2 + H2 

sodamlde 


Primary and secondary amines react with Grignard reagents at ordi¬ 
nary temperatures to give compounds in which a hydrogen atom attached 
to nitrogen is replaced by—MgX: 


C2N5NVH + CH3^MgI-►CHu C2H5NHMgI 

- + - + 

(C2H5) 2Nt.H -f CH3^-MgI-►CHu -f (C2H5)2NM^I 

The derivative of the primary amine reacts with another molecule of 
methyl magnesium iodide, when heated, to form a second molecule of 
methane. These reactions are the basis of the Zerewitinov method for the 
estimation of primary and secondary amine groups. These reactions in¬ 
volve the displacement of a weak acid from its salt by the action of a 
stronger acid, the amine being the stronger acid, and the hydrocarbon 
methane, the weaker acid. The reactions are not to be regarded as pro¬ 
ceeding through the formation of ions. It is more probable that the break¬ 
ing of the old bonds and the formation of the new ones occur simulta¬ 
neously and the energy of formation of the new bonds contributes to the 
cleavage of the old l^nds: 
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Rm 4 - H 

I ■ 

IMg -♦ CH3 


Actually the above reactions are exothermic and it may be concluded 
that the formation of the new linkages furnishes more than enough en¬ 
ergy to promote the reaction. 

Acylation of primary and secondary amines involves the replacement 
of hydrogen attached to nitrogen by an acyl radical. These reactions have 
been included under the reactions of the acid anhydrides and acyl chlo¬ 
rides. 

Primary and secondary amines react characteristically with carbon di¬ 
sulfide in alcohol solution: 


NHC2H5 

C + C 2H - 40 = 3 

s SH 


C2H5NH2 


NHC2H5 


/ 


c = s 
' \ 
s 


+ 

C2H5NH3 


ethylairanonlum 
ethyld Ithlocarbamte 


S 

C +(C2H5)2N^H 

+'^-V - + 

s 


N(C 2 H 5)2 

(C2i5)2NH 

/ —— o .. ♦ 

\ 

SH 


^N(C2H5)2 

C = S 
\ 

S 


(C2H5) 2NH2 


dlethylammonlum 
d le thyld ithlocartanate 


The above reactions may be regarded as aldol-type additions with the 
I 

~C=S group acting as a carbonyl group. Carbon dioxide reacts in a sim¬ 
ilar manner. 

Primary and secondary amines react in a very characteristic manner 
with nitrous acid (NaNOg 4” HCl). The reactions appear to be rather 
complex (117) and the mechanisms have not been definitely established. 
Secondary amines react with nitrous acid to form nitrosoamines and 
water. The reaction may be represented as follows: 
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(CH 3 ) H + HO^ N-0-► (CH 3 ) 2 N—N~0+ HOH 

nltrosodlmethylamlne 

Here, again, the reaction is not to be considered as an ionic one. The 
fractional charges present in polarized bonds may initiate reactions and 
thus serve the same purpose as if they possessed free ionic charges. In 
many cases it is most probable that the formation of new bonds and the 
cleavage of others must proceed simultaneously. The above reaction may 
be more accurately represented as follows: 


(CH 3 ) 2 N 


+ 

H 4- HO —N ==0 


(CH3)2N 


HO ■ 


t 

'N — 0 


(CH3)2N-N=:0 + HOH 


Nitrosyl chloride yields the same reaction product as that obtained with 
nitrous acid: 


(CHs ) 2N4-H + Cl4-N=::0 -►(CH3) 2N—N =:0 + HCl 

- + - -f 

The aliphatic nitrosoamines are hydrolyzed by heating with hydrochloric 
acid with the formation of a salt of the secondary amine and nitrous acid 
(as its decomposition products). In some cases, nitrosyl chloride has been 
detected among the products. The following represents a possible course 
of reaction for the hydrolysis of nitrosoamines: 


(CH3) 2N —N=: 0 + 


H 

{CH3) 2N 





+ - 
H^OH 


“h 

(CH3) 2NH2 + 


j^HON^ 


Primary amines are converted into alcohols and nitrogen by the action 
of nitrous acid: 


RNH2 + HONO-► ROH -H N2 + HOH 
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Only in the cases of methylamine and ethylamine are the reactions as 
simple as the above equation indicates. The higher primary amines usu¬ 
ally give two isomeric alcohols and some olefin. Thus n-propylamine 
forms n-propyl alcohol, isopropyl alcohol, and propylene. The nature of 
the reaction products suggests that a carbonium ion is a necessary inter¬ 
mediate. Any postulated mechanism must not only explain the main 
course of reaction but the formation of isomeric alcohols and olefins as 

well. The intermediate formation of a diazonium compound, ^ 

X, has been indicated only in a few exceptional cases. Assuming that such 
intermediates are formed in all cases, the following mechanism may be 
postulated: 

RNH^ H -f H 0 -Nr =0 


RNH. 


♦ o 

H 0 -N ~-0 


R—N—N =0 -)- HOH 


n 

R~N=N -►OH 


R 



ROH + N2 


The formation of an olefin and the mixture of alcohols from n-propyl¬ 
amine must be associated with the last step in the above reactions. It 
would seem, therefore, that the diazonium structure must account for the 
mixture of products. The positive charge on the nitrogen atom initiates 

the cleavage reaction, . This tendency to cleave may be en¬ 

hanced in either of two ways: (1) the hydroxyl ion may be attracted to 
the positively charged carbon and thus weaken the carbon-nitrogen bond; 
or (2) the elimination of a beta hydrogen would also weaken the carbon- 
nitrogen bond: 


CH3CH2CH 




~i+' 

I2 -►N=N ( 


CH3CH-CH2-►N = N 


OH - 
+• 

OH 


CH3CH2CH2OH4- N2 

CH3CH = CH2 -f- N2 + HOH 
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In acid solution, the propylene may be converted in part to isopropyl 
alcohol: 


CU^CU=^CE 2 + H :^lz:5rCH3CHCH3 -► CH3CHOHCH3 + H 

The mixture of products obtained from n-propylamine could also be 
explained on the assumption that a free carboniurn ion is formed as a 
transient intermediate: 


CH3CH2CH2 + Hh-OH-►CH3CH2CH2OH 


CH3~CH~CH2 


-f 


r\ 

♦ CH3CH =:CH2 H- 


+ 

H 5 


“f* 

CH3CHCH3 


H-*OH 


CH3CHOHCH3 + h’*’ 


Evidence for the formation of carboniurn ions, except in those cases 
where they are stabilized through resonance, is rather meager. There¬ 
fore, the first of the two mechanisms noted above is to be preferred. It 
should be noted, however, that the fundamental principles which are 
involved are practically the same for the two mechanisms. 

The reactions of primary amines with nitrous acid, similar to the 
decomposition of ammonium nitrite, are acid catalyzed and may be 
shown as follows; 



rv 

H0~N=:0 

+ - 


H OH 

I'lt 

R—N—N —OH 
H 
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+ 

IROH + N2 + H 


Nitrosyl chloride reacts in a similar manner with primary amines to 
form nitrogen and alkyl chlorides: 


+ A 

RNH ♦-H -fCl~N~o- 

+ ~ 

Cl 




Apparently this reaction has not been extensively studied. The fact that 
some alkyl chloride is formed would indicate that the course of the re¬ 
action must be similar to the one suggested for primary amines and 
nitrous acid. 
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CHAPTER XXIII 


Reactions of Aromatic Amines and 
Diazonium Compounds 


Many of the chemical properties of the aromatic amines are similar to 
those of the aliphatic amines. There are, however, some notable differ¬ 
ences. For example, the aromatic primary amines are weaker bases than 
the aliphatic primary amines. In the chapter on the Reactions of the 
Aromatic Hydrocarbons, it was noted that the o- and /^-directing influ¬ 
ence of the amino group is due to the ability of the unshared electrons 
of the nitrogen atom to participate in resonance with the aromatic ring. 
The resonance may be shown as follows: 



This effect is more readily understood from a consideration of all the im 
portant forms which contribute to the net structure: 



The tendency of nitrogen to increase its covalency with the nuclear car¬ 
bon atom serves to decrease the availability of nitrogen's unshared elec¬ 
tron pair for accepting a proton. Aniline forms soluble salts with the 
common acids but its salts with weak acids are considerably hydrolyzed 
in water solution: 


H 

C 6 H 5 :N: H -^Cl 

H ^ 


H 

C6H5:n:h 

H 


Cl 


phenylammonlum chloride 
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Secondary aromatic amines of the type of diphenylamine, (C^H^) jNH, 
are less basic in character than the primary amines. This is to be ex¬ 
pected, since more resonant structures in which the —C=:N— group 
occurs are possible due to the two benzene nuclei. For secondary amines 
of the type of methylaniline, the basicity is of the same order of magni¬ 
tude as for aniline. 

Aromatic tertiary amines of the type triphenylamine, (CeH 5 j) 3 N, show 
none of the usual basic properties. Mixed tertiary amines such as di- 
methylaniline, however, possess about the same basicity as aniline. The 
decreased availability of the nitrogen atom's unshared electron pair in 
triphenylamine is also evidenced by its failure to form quaternary am¬ 
monium salts. Dimethylaniline, however, reacts with alkyl halides to 
form quaternary salts. 

The decreased electron availability on nitrogen noted above also ac¬ 
counts for the fact that the tendency ArNH4-H is greater than for the 

aliphatic amines. In general, the aromatic primary amines and both the 
purely aromatic and mixed secondary amines give the reactions in which 
hydrogen attached to nitrogen is replaced. They decompose Grignard 
reagents 

- 

C6H5NH ^ H 

i t -» CeHsNHMgl + CHu 

—►CH3 


and they are readily aqrlated by acid anhydrides and acyl chlorides: 


CH3C 




CH3C 


^ - 4 - C6H5NH.-H- 
/ - + 


>CH3C— NHC6H5 CH3C-0H 
acetanilide 




Aromatic amines do not combine with carbon disulfide at ordinary 
temperatures in the absence of ammonium hydroxide or an alkali such 
as sodium hydroxide. This difference in behavior from the aliphatic 
amines is due to the weakly basic nature of the aromatic amines: 



+ C6H5NH 


NHC6H5 

H + NaOH-► C = S + HOH 

\ 

SNa 

sodliam phenyl 
dlthlocarbamate 


2$0 



Both types of secondary amines react with nitrous acid to form N-nitro- 
soamines: 


CH 3 _ + ^ 

\n^-h+ ho —N = q 

C6H5/ + 


CH3 

N 4 -H 

C 6 H 5 ^: - 

♦ 

HO<-N — 0 


CH 3 

\n- N= 0 -f HOH 

C6H5^ 

^-nltrosomethylanlllne 


Acid hydrolysis of the aromatic nitrosoamines is complicated by the for¬ 
mation of nuclear substituted nitroso compounds. Nitrosomethylaniline 
may be converted completely to methylanilinc by heating with hydro¬ 
chloric acid in the presence of urea. The latter decomposes the nitrous 
acid as it is formed and thus prevents nitrosation of the aromatic nucleus. 
When nitrosomethylaniline is treated with a solution of hydrogen chlo¬ 
ride in alcohol and ether and allowed to stand, it is converted to the 
hydrochloride of p-nitrosomethylaniline (Fischer-Hepp reaction). Hydro¬ 
gen chloride plays a specific role in this reaction. Sulfuric acid does not 
cause the so-called rearrangement. The hydrogen halide by reaction with 
the nitrosoamine produces a nitrosyl halide which then reacts at the 
para position: 

H 


CH 3 —N —N = 0 CH 3 — 0 

I I 
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It is probable that the formation of an anilinium ion, through the at* 
tachment of a proton, assists in the cleavage of the nitrogen-nitrogen 
bond. 

Aromatic primary amines react with nitrous acid to form diazonium 
salts. Because of the instability of diazonium compounds, the reactions 
are often carried out at 0^-10^ C. Usually sodium nitrite is added to a 
solution of the amine in hydrochloric acid solution. The acid must be 
used in excess of that required for the reaction 


ArNH 2 4- 2HC1 + NaN0 2 


ArN2 


■+" 

Cl 4 Nad 4 2H2O 


in order to retard the coupling of the diazonium compound with the 
amine. The diazonium cation may resonate between two unperturbed 
forms: 


Ar —ii: :N: 


Ar— n: : 


N: 


I 


II 


A kinetic study of the reaction has been reported ( 118 ) but the exact 
course of the diazotization reaction has not been established. The first 
step undoubtedly involves an electrophilic attack on the aromatic amine. 
The attacting reagent may be N2O3, NOCl, or HONO. The following 
postulated mechanism appears probable, although the reaction may be 
more complicated than represented: 


C6H5P^ 


-f* 

H +• 


a 


HON: 

-h 


H 

I 

C6H5N^~H 

i ^ 

H0 4-N—0 


4 - 




2S2 



\-\ r\ , Hci 

.C6H5N—Nno 4 - HOH 4 " C 6 H sNz: N — OH - 


C6H5N = N: 


+ 

Cl<-► 


C6H5NEN: 


+ - 

Cl 


benz.ene dlazonlum chloride 


Two general types of reactions are known for diazonium compounds: 

(1) decomposition reactions in which the two nitrogen atoms are evolved 
as free nitrogen; and (2) condensation or coupling reactions in which 
the two nitrogen atoms are retained in the reaction product. The dia- 
zonium cation can react as either of its resonant forms depending on the 
demand of the reagent. The first type of reaction appears to be charac* 
tcristic of form II and may be regarded as a nucleophilic displacement 
reaction. 

Phenols are formed when diazonium salts are heated with water: 


[c6H5-^N = 1^ CI 


C6H5OH + N 2 + HCI 


HO^-H 


The formation of the new bonds probably proceeds simultaneously with 
the cleavage of the old bonds. The over all result is the replacement of 

the —NEN group with the more nucleophilic hydroxyl group. The so¬ 
lution must be kept strongly acidic to retard the coupling reaction of the 
diazonium cation with the phenol. 

A similar reaction takes place with methyl alcohol: 

I^CeHs—► N =Nj Cl + CH30-«- H -*• C6H5OCH3 + N2 + HCI 

With ethyl alcohol a secondary reaction often occurs: 

H 

C 6 H 5 —N = N Cl + C 2 H 5 OH-►C6H6 + N2 -f HCI + CH3C=:0 


This reaction predominates when an electron-attracting group is pres 
ent in the aromatic nucleus, particularly if it is in the ortho position. The 
elimination of nitrogen from the original diazonium ion would be great- 
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ly retarded by the presence of an electron-attracting group in the ortho 
position. The loss of a pair of electrons from the ethoxy ion to the dia- 
zonium ion would account for the elimination of nitrogen and the for¬ 
mation of acetaldehyde: 


+ 

N = N 



-(- CH3CH20 


+ 

H 


CH3CH - 0 N = N 



H 

/V_ . I- 

|j I— NO 2 4" CH3C —0 


This reaction is similar to the reaction of p-nitrochlorobenzene with al¬ 
kalies. In both cases the presence of an electron-attracting nitro group 
opens the way for a nucleophilic attack. It has been suggested that the 
above reactions may follow a radical mechanism which involves the 
formation of free phenyl radicals (119). This suggestion is based on the 
fact that rates of the reactions with methyl alcohol and ethyl alcohol 
are identical. Hence they must possess a common rate-determining step, 
which is assumed to be the formation of free phenyl radicals. 

The —N^Cl group may be replaced by iodine by treating an acid solu¬ 
tion of a diazoniurn salt with potassium iodide: 

|c 6 H 5 -*N=I^ ci -f h:*I- ►CeHsI + N 2 + HCl 

lodobenzene 

Chlorine or bromine cannot be introduced by such simple means. 
The diazoniurn compounds when heated with hydrochloric or hydro- 
bromic acid give very poor yields of chloro- or bromobenzene. The prep- 
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aration of chloro or bromo compounds in good yields requires the 
presence of a cuprous halide (Sandmeyer reaction). Free copper may 
also be used in acid solution to effect the reaction. It is possible that 
where copper is used the cuprous ion, formed by reaction with the acid, 
is the effective reagent. It has been shown that a double salt of cuprous 
halide and diazonium salt is formed in some cases. These complexes 
readily decompose with the formation of an aromatic halide, cuprous 
halide, and nitrogen. These results have led some chemists to suggest 
that in these complexes the copper atom of the cuprous halide coordi¬ 
nates with one of the nitrogen atoms of the diazonium compound. Such 
a coordination might be expected to weaken the carbon-nitrogen bond 
and thus facilitate the normal decomposition reaction. This explanation, 
however, leaves certain questions unanswered. 

Hodgson (120) has recently published an excellent review of his own 
work and the work of others on the Sandmeyer reaction. The mechanism 
which he suggests is in good agreement with experimental evidence: 


HC 





Cl 

Cl 


^Cu —Cl 

/ \ 

Cl 



C6H5CI -f- ^ 24 - cuciit 


In this mechanism it is assumed that cuprous chloride dissolves in hydro¬ 
chloric acid to form a complex anion. The latter is attracted to the 
diazonium cation and the resulting complex decomposes through the 
simultaneous formation of a carbon-chlorine bond and cleavage of the 
carbon-nitrogen bond. 

This mechanism may be used also to interpret the results obtained 
from mixed Sandmeyer reactions (120). For example, the diazonium 
salt from p-nitroaniline was decomposed in two ways: (1) by cuprous 
chloride in concentrated hydrobromic acid; and (2) by cuprous bromide 
in concentrated hydrochloric acid. The ratio of 4-chloronitrobenzene 
and 4-bromonitrobenzene which resulted from (1) was 4 : 9(), while for 
(2) the ratio was 60 : 40. The dissolution of CuCl in HBr was assumed 

to give the complex anion CuClBr^, and the following mechanism was 
proposed: 

ArBr + N2 + §uClBr3 


Ar—►N =: N: 


Br 


Br 

t 

Br—'Cu—Cl 


Br 


Z5B 



Since bromine is more reactive than chlorine, through the operation of 
inductomeric effects, a preponderance of the bipmo compound would 

be expected. In (2) the attacking anion will be CuClgBr: 


Ar~^N = N: 


Cl 


‘Br 

t 

Cu— Cl 


Cl 


Cl 


ArBr+ N2 + CuClu 


In this case the diazonium group will be replaced initially by a bromine 
atoim It will be noted, however, that the original anion is not reformed 

but CuCl^ is form^ instead. The competition introduced by increasing 

concentrations of CuCl^ results in the formation of more of the chloro 
compound as would be expected. 

A logical explanation for the action of iodides on acid solutions of 
diazonium salts is also included in the paper referred to above. It is 
suggested that a small amount of free iodine is formed as the result of 
oxidation of the iodide ion by the diazonium ion. The iodine then com¬ 
bines with the iodide present to form the complex anion I” The latter 
then acts as a halogen carrier in the same manner as that already noted 

for CuX^: 


Ar~^N = N: 

t ..I-►ArI + N 2 +l 3 

i ^ I—I 


Only a very small amount of iodine could initiate the reaction since the 
anion, I^ is constantly being regenerated from the iodide which is pres¬ 
ent. This mechanism is supported by the following facts. Potassium 
iodide slowly decomposes a diazonium compound in acetic acid solution. 
If sodium bisulfite or sodium thiosulfate was added first, however, sub¬ 
sequent addition of potassium iodide gave no iodo compound. The ad¬ 
dition of cupric sulfate produced an immediate precipitate of the iodo 
compound. Theoretically the iodo compound might result from the 
oxidation-reduction reaction by the direct combination of aryl radicals 
and free iodine: 


Ar/i} = N:-►Arl + N2 

-Jlf 


If this were the only course of reaction, diaryl formation would be ex- 
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pected and this is not the case. This reaction, therefore, must take place 
to a very slight extent and merely serves to initiate the main reaction. 

An explanation for the poor yields of fluoro compounds obtained from 
diazonium salts and hydrofluoric acid is included in the paper referred 
to above. Hydrofluoric acid, in aqueous solution, consists largely of 
and HF“and a small amount of un ionized HF. The attraction of fluorine 
for hydrogen may thus retard the formation of the complex cuprous 

anion, CuF^. It is stated that the small yield of fluoro compound results 
from the direct attack of the un-ionized HF on the diazonium cation: 

Ar—►NEN:-►ArP+N2+ H'*’ 

The introduction of fluorine into the aromatic nucleus may be ac* 
complished in many cases by the thermal decomposition of diazonium 
fluoborates (Ar—N BF* The latter are prepared by the addition 

of fluoboric acid to the diazonium solution. They are difficultly soluble 
and relatively stable. The decomposition of the diazonium fluoborates, 
presumably, is analogous to the decomposition of diazonium salts in the 

presence of CuX^: 


Ar-^N = N: 
*P 4 - BP 3 


ArP + N2 + BP3 


Cupric, ferric, and cobalt salts also form complex anions with halide 
ions which decompose diazonium cations in a manner similar to that 
noted for cuprous salts. It is believed that they function with comparable 
efficiency only when the diazonium cation is sufficiently positive (as 
when a nitro group is present in the aromatic ring). 

Hodgson concludes that diaryl formation in the Sandmeyer reaction 
is best accounted for by a different mechanism from that suggested for 
the formation of halogen compounds. Diaryl formation is largely deter¬ 
mined by the concentration of the complex cuprous anion. When the 
concentration of the latter is high, the chief attack is on the carbon 
atom which is attached to the diazonium group. It was noted, however, 
that when the concentration of the complex anion was reduced by dilu¬ 
tion with water, diaryl formation was increased. In more dilute solution 
more free cuprous chloride would be present, and it is believed that the 
latter is oxidized to the cupric ion with the simultaneous formation of 
diaryl: 


2 Ar*K=N: 4 " - Ar:Ar+ 2N2 + 2 Cu 


++ 


2S7 



The increase in diaryl formation was accompanied by an increase in the 
amount of phenol formed. This would be expected because of the higher 
concentration of water present in the more dilute solutions. 

Replacement of -NXl by the cyanide group may be effected by adding 
the diazonium solution to a warm solution of cuprous cyanide in potas¬ 
sium cyanide. Since potassium cyanide alone is ineffective, it is probable 

that the attacking agent is the complex anion Cu(CN) 4 ; 


C6H5—►NE N: 

NC~Cu—CN 
I 

CN 


CN-► C6H5CN + Cu( CN) u + N2 


This mechanism is simply an adaptation of the Hodgson mechanism for 
the cuprous halide reactions. 

Experimental data for the Sandmeyer reactions indicate that cuprous 
salts serve as carriers for nucleophilic halide and cyanide ions. If the 
above mechanisms are entirely correct, however, it is difficult to under¬ 
stand why the halide or cyanide ions do not directly attack the diazonium 
cation rather than coordinating with tlie cuprous salt as an intermediate 
step. If it be assumed that the copper atom plays an active role in the 
formation of the complex, a logical answer to this question may be 
obtained: 


+ X - ►C6H5X+N2+ CuX 4 


are shown as being formed simultaneously. The 
temporary coordination of the copper atom with nitrogen would also 
assist in the cleavage of the C—N bond. After the cleavage of this bond, 
nitrogen is liberated and the complex cuprous anion is re-formed through 
the recovery of a halide ion from the solution. 

The condensation or coupling reactions appear to be characteristic of 
form I of the diazonium cation. These reactions are carried out in 
weakly acidic, neutral, or basic solutions. In general, diazonium com¬ 
pounds condense with compounds containing so-called active hydrogen, 
providing a stable bond may be formed. In these reactions the diazonium 
cation behaves as an electrophilic reagent. With certain primary aromatic 
amines, diazoamino derivatives are formed: 


C6H5 N:r N: 

X ^ X 


The coordinate linkages 
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[c6H5N = ^'^X+ H-»HNC 6H5 


+ C6H5N= N —HNC6H5 


benzene dlazoamlnobenzene 


With other aromatic primary amines, nuclear substitution takes place 
and azo compounds are formed. The magnitude of electron availability 
in the ring apparently determines whether a diazoamino compound or 
an azo compound will be formed: 

CH3 CH3 




C 0 H 5 N 



NH2 


► C6H5N= N- 



NH2 


m-toluldlne 


o-metbyl“p~ainlno- 
ben7.ene azobenzene 


With tertiary aromatic amines only azo compounds may be formed, 
since there is no hydrogen attached to the nitrogen atom. The formation 
of the azo compounds is best represented as an aromatic substitution 
reaction: 

C *^N(CH3)2 

I 

-j- [c6H5N=]^ X -► 




C6H5N = N 





N(CH3) 2+ HX 


p- d imethylamlnobenzene 
azobenzene 
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A similar reaction occurs with the phenols. 



pHiytlr oxybe nzene 
azobenzene 


Other reactions have been reported which appear to follow radical 
mechanisms. For example, when an aqueous solution of a sodium aryl- 
diazotate is stirred with a liquid organic compound of the type CgH^R, 
the following reaction occurs (121): 

ArNzzNOH -f C6H5R-►ArCeH^R + N2 + HOH 


Ortho and para substituted products are formed regardless of the nature 
of R (Rz=CH 3 , Br, NOj, or CN). The fact that the entering group does 
not follow the directive influences noted for electrophilic and nucleophil¬ 
ic substitutions suggests that the free phenyl radical is the actual reactant. 

At the present time it is difficult to classify all of the reactions of dia- 
zonium and diazo compounds in terms of mechanism. It may be said 
that in many of their reactions they appear to react as electrophilic re¬ 
agents and in others they may function as a source of free aromatic 
radicals. 

The reaction of aromatic primary amines with aldehydes leads to the 
formation of anils or Schiff bases: 
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H 

I 

C6H5C 


0 -f H-^HMC6H5 


+ - 


H H 

C6H5C—NC6H5 
OH 




C 6 H 5 CH=:NC 6 H 5 + HOH 
benzalanlllne 

The anils are weak bases and are readily hydrolyzed by dilute acids but 
not by aqueous alkalies: 


r\ 

C6H5CH~ NC6H5 + H 

+ 


+ 



- 

H-OH 

-► 


H 

I 

C6H5CH—^NHCbHs 

1 ^ 

0 — H 


H 

I 

C 6 H 5 C = 0 + C6H5NH3 


Nitrogen is more electron attracting than carbon and the functional 

group, —CnzN—, undergoes addition reactions through the operating of 
an electromeric shift similar to that noted for the carbonyl group. For 
example, with Grignard reagents these bases form addition products 
which are hydrolyzed by water to give secondary amines: 

C6H5CH = NC6H5 _ MgX +' 

J : -► C6H5CH—-► 

I i I '^CeHs 

- + p 

R^MgX ^ 


R 

I 

C 6 H 5 CH —HNC 6 H 5 + Mg(OH)X 

Other characteristic carbonyl reagents such as hydrogen cyanide and 
sodium bisulfite also have been observed to add to Schiff bases. The addi- 
tion of active hydrogen compounds has been discussed previously under 
the Knoevenagel and Mannich reactions. 
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Aromatic diamines. The reactions of the meta and para diamines 
resemble those of the primary aromatic amines. The ortho diamines, 
however, are characterized by a tendency to undergo ring closures to 
form heterocyclic compounds. Attempted diazotization of o-phenylene- 
diamine results in the formation of aziminobenzene: 



+ HONO 



-f HOH 






I -f HOH 
-NH 


o-Phenylenediamine when heated with organic acids in the presence 
of hydrochloric acid yields benzimidazoles: 



I ^ - 

4 - CH3C-0H^- 



+ HOH ♦ 


H 




/"N 


■c 

N—H 


CH 3 

OH 



H 

N 


/ \ 


CCH 3 

II 

N 


+ HOH 


2-Tnethylhenz Imidazole 



2-Alkyl benzimidazoles are also formed when o-phenylenediamine is 
heated with an amide or an ester (94) : 



NH2 

NH H 



4- R—C —0R» 

' + 



— NH2 

— NH- 


Oj-n 

I 

R 



R»OH 


same as above 


The aziminobenzene and benzimidazoles shown above are tautomeric 
compounds and are best represented as follows: 
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CHAPTER XXIV 


Isomerization Reactions of N-Substituted 
Aromatic Amines 


These reactions involve the migration of a substituent from the amino 
nitrogen atom to the ortho or para position in the aromatic nucleus. An 
example which has been carefully investigated is the rearrangement of 
N-chloroacetanilide into p chloroacetanilide. In aqueous solution the re¬ 
action is catalyzed by hydrochloric acid but not by sulfuric acid or acetic 
acid. The following intermolecular type of mechanism (76) accounts 
for the known facts: 

0 





0 


The rate of the rearrangement is primarily dependent on the nature of 
the halogen atom which is attached to nitrogen. Bromine would be ex¬ 
pected to show greater stability as a positive ion than chlorine. Conse¬ 
quently it is not surprising that N-bromoacetanilide rearranges, with 
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hydrobromic acid as the catalyst, much more rapidly than does N-chloro- 
acetanilide with hydrochloric acid. The last step in this rearrangement 
involves a nuclear substitution. 

The rearrangement of diazoamino compounds into aminoazo com¬ 
pounds is eflectcd by acids, d he /^-aminoazo derivative is usually ob¬ 
tained, although an ortho compound may be formed if the para position 
is blocked by the presence of a substituent. The conversion of benzene- 
diazoaminobenzene into p-aminobenzeneazobenzene is a well-known ex¬ 
ample of this type of reaction. The reaction is usually carried out by 
heating a solution of benzenedia/oaminobenzene in aniline in the pres¬ 
ence of aniline hydrochloride. The steps in this rearrangement are well 
established (122) . I he phenyiafumonium ion ads as an acid catalyst or 
proton donor. Fission of the diazoamino compound into benzene dia- 
zonium chloride and aniline is induced by the introduction of a positive 
charge. The cleavage products then react to form the aminoazo com¬ 
pound: 




CeHsN^iN —NHC6H5 4 - 


H 

I 

C6H5N~N— NHC6H5 







0 ^ 

Ni=NC 6 H 5 


When dimethylaniline is used as the solvent and its hydrochloride used 
as the add catalyst, benzenediazoaminobenzene yields p-dimethylamino- 
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benzeneazobenzene. This is excellent evidence for an intermolecular 
mechanism. 

The rearrangement can also be carried out in hydrochloric acid solu¬ 
tion, but the yield of /?-aniinobenzenca/obenzcne is low due to the for¬ 
mation of phenol from the interaction of l^enzene diazonium chloride 
and water. When the reaction is carried out in hydrochloric acid solu¬ 
tion in the presence of ^-naphthoi, it is possible to account for 91 per 
cent of the benzene diazonium chloride as l-benzcneazo-2-naphthol (122). 
In this case the coupling reaction takes place much more rapidly than the 
reaction with water. 

The rearrangement of an unsymmetrical diazoamino compound may 
give rise to two different aminoazo compounds due to the tautomeric 
nature of the diazoamino group: 

H H 

I 

CH3C6H4N=N —NC6H5;;=^CH3C6HuN — N~NC6H5 


The rearrangement of hydrazobenzene into “I/r-diaminodiphenyl (ben¬ 
zidine) is another examp^le of isomerization involving migration from 
side chain to nucleus: 



This reaction has been shown to be intramolecular (123). The change 
is usually carried out under the catalytic influence of acids. The fact that 
it is an intramolecular reaction must mean that the 4,4' positions come 
within each other's sphere of influence before the nitrogen-to-nitrogen 
bond is cleaved. Recalling the clectromerism and resonance encountered 
in the reactions of aniline, the electron displacements necessary for the 
rearrangement of benzidine may be shown as follows: 



The first step in the reaction, according to Ingold, is the coordination of 
a proton with one of the nitrogen atoms. The positive charge introduced 
by the addition of a proton would be expected to assist the above dis¬ 
placements which lead to the cleavage of the nitrogen-to-nitrogen bond. 
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The following is a modification of the mechanism first suggested by 
Ingold: 


H H 




The final step consists of a prototropic change to the more stable ben- 
zenoici structure. While ben/idine is the chief product, some 2,4'-dia- 
minodiphenyl is also formed: 

H H 






These reactions appear to be normal para or ortho substitutions of an 
aniline derivative by a cationoid reagent. The above mechanisms have 
been criticized by Robinson (124). He points out the fact that imine 
salts are readily hydrolyzed and therefore the intermediates shown above 
should give some phenol and ammonia. These two products have never 
been reported. Whether or not the rate of hydrolysis of the imine, with 
its resultant restoration of the resonant benzenoid state, can compete 
with the simple prolotropic change sliown above is difficult to answer at 
the present time. 

The benzidine rearrangement occurs with other hydrazo compounds 
in which both of the para positions are unsubstituted. When one of 
these positions is substituted, the rearrangement may proceed in one of 
three ways. 4-Carboxy-hydrazobenzene rearranges to benzidine with the 
elimination of the carboxyl group. The elimination of this group prob¬ 
ably occurs in the last step of the mechanism shown above: 



H2N 




CO 2 


Loss of a para sulfonic acid group has also been observed in these re¬ 
actions: 



H2N 





NH3-f- HOSO 2 OH 


The para substituent is not eliminated when it is an electron-releasing 
group, that is, when it participates in resonance with the aromatic ring: 
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It will be noted that this participation decreases the cationoid character 
of the para carbon atom and so reduces its availability for substitution 
in the aniline ring. With examples of this type either an ortho-semidine 
or a para-semidine transformation takes place: 



o-semldlne 


C2H5O 


^>—NH —HN—^ 


NH2 

OC2H5 

Robinson (124) states the semidine rearrangement is clearly intra> 
molecular. If this is accepted, it must be assumed that the new carbon- 
nitrogen bond starts to form before the cleavage of the nitrogen-nitrogen 
bond is completed. This seems less probable than in the case of the 
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benzidine rearrangement. The following mechanism appears to be in 
agreement with most of the known data: 



When both para carbon atoms are substituted, only the o-semidine 
rearrangement may occur. 
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CHAPTER XXV 


Reactions of Alkyl and Aryl Derivatives of 
Hydrogen Cyanide 


The fact that there are two types of derivatives of hydrogen cyanide, 
RCN and RNC, suggests that the parent acid is a tautomeric compound, 

H: C:: :N: 7 —^ H*N:: :C: 

Examination of the Raman spectrum of hydrogen cyanide has furnished 
good evidence that both forms are present in the gaseous phase (125), 
although the HNC isomer is present in very small amounts. 

Cyanides or nitriles, R~-C=N. The most typical reactions of this 
class of compounds are addition reactions which are due essentially to the 

electromeric shift, R—C=N. The unsaturated carbon*to-nitrogen bond 

may be compared with the unsaturated carbon-to-oxygen bond in car¬ 
bonyl groups. Since both nitrogen and oxygen are more electron attract¬ 
ing than carbon, the electromeric shift occurs in the same direction for 
both classes of compounds. The cyanides are hydrolyzed by both acids 
and alkalies: 

q 

RCN 4 - 2H0H 4 - HCl -► RC—OH 4 NHuCl 


RCN 4 HOH 4 NaOH 



ONa 4 NH 3 


Amides are intermediates in the hydrolyses but usually can be isolated 
only under special conditions. Acid hydrolysis may be shown as follows: 


a 

CH 3 —C=N 4 h:? 


+ - 


CH 3 —C = NH 4 HiP 


OH 


ICH 3 —C=NH1?i:i±CH3—C:=:NH 4 ^ 


HO^-H 

OH 

~ + 

enol form 


of amide 

OH 

0 -H 

1 __^ 

M 

— C—NH 2 ^=!^ 
4 

CH3—C-»NH2 4 H 

4 

OH 

h6<hh 



- + 


-►CH 3 C —OH 4 NHu 
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See reference (126) for an excellent kinetic study on the hydrolysis of 
cyanamide and nitriles. 

Basic hydrolysis of cyanides probably involves the initial addition of 
the nucleophilic hydroxyl ion to the unsaturated carbon atom: 

r\ 

CH3 —C = N + OH CH3~C= N-► CH3 - C= NH + OH 

+ ~ I J I 

OH ; OH 

H-^OH 
+ - 


CH3- 


C =NH 


= NH + OH 




O 

II ~ 

> CH3C —0 + NH3 


OH 


O^H 


Under the influence of dry hydrogen chloride, alcohols add across the 
triple bond to form imino ether hydrochlorides: 


CH3~ C = N + H ^ 


+ - 


:ch3-~ c = nh- 

♦ 


H-^OC 2H5 


-►CH3-C=NH-f H -► 

I 

OC2H5 


CH3 -CH NH2 
OC 2H5 


On treatment with excess alcohol, the imino ether hydrochlorides are 
converted to the corresponding ortho esters: 


OC2H5 " 


OC 2H5 

1 a 


1 

CH3- C = NH2 


CH3—C -► NH3 

♦ 


1 

1 

OC2H5 

H-^ 0 C 2 H 5 



4 - - 

H-^0C2H5 

-► 


+ 


CH3C(0C2H5)3 + NHu 
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With Grignard reagents the nitriles form addition products which may 
be hydrolyzed to ketones: 


rv I H-^oH 

R—CE N-f R Mgx- ►R—C = NMgX - 


R 0 

I II 

R —C--^NHMgX- ►R—C~R+ Mg(NH 2 )X 

0 — H 


The lower aliphatic nitriles tend to polymerize under the influence of 
Grignard reagents, but otherwise the method is useful for preparing 
ketones from aliphatic and aromatic nitriles. Nitriles such as benzyl 
nitrile and ethyl cyanoacetate are not suitable for the reaction, for they 
are sufficiently acidic to decompose the Grignard reagent. 

The nitriles which have hydrogen attached to the alpha carbon atom 
behave as very weak acids. This tendency is enhanced by the presence of 
a phenyl group on the alpha carbon atom. Benzyl cyanide undergoes a 
self-condensation (Thorpe reaction) under the influence of sodium 
ethoxide: 


A 

C6H5CH2C=N 

+ - 


H 

I 

+ C6H5CHC=N' 


NH C6H5 

II I 

C6H5CH2C—CHC = N 


a,y-<llphenyl-)g-lmlno-n-propyl nitrile 


This reaction is similar to the aldol condensation with the dipolar cyanide 
group acting like a carbonyl group and the catalyst aids both the po¬ 
larization of the cyanide group and the ionization of a hydrogen. 

When this reaction is applied to suitable dinitriles, ring closure takes 
place. Adiponitrile when treated with sodium ethoxide in dry alcohol 
solution yields l-imino-2-cyanocyclopentane: 


A 

CH2 —CH2 —C = N 
1 +H ^ ~- 

I ^ 

CH2—CH—C=N 


CH2—CH2. 

»| ^ C=NH 

CH2—CH —CN 


The latter is hydrolyzed by dilute acids to 2-cyanocyclopentanone: 

m 



CH2-CH2^ O , + 
C = NH + H : 

I /'+ - 

CH 2 —ijJH 
CN 


CH 2 -CH 2 . + 


CHa—CH 


CN HO^“H 


O- 7 H 

CH 2 —CH 2 |V 

I ^“►NH2+H 

CH2'~CH'^ 

CN 


CH2-CH2. . 

I ^C = 0 + NH4 

CH 2 —CH'^ 

I 

CN 


When nK)re concentrated acid solutions are used, hydrolysis continues to 
the formation of a ^-keto acid which loses carbon dioxide to form cyclo 
pentanone: 


CH2“~CH2> 


C=o 4 ‘ H 


CH2~“CH 


/> 

CE N 
+ — 


CH2 —CH 2 

I j:; 

CH2~CH-^ 

^9=:NH 

h-^6h 


'C~ 0 


CH2—CH2 


CH2-CH_ 

I r\ 

HO - C = NH 
•f - 


c = 0 + h'*' : 


CH 2 —CH2- 


‘C = 0 


CH2-~CH' 


HO- 


H 


>C-‘NH2 

►OH 


CH 2 -CH 2 


C= 0 -f H. 


CH 2 —CH^ 

H0*-(j:-^NH2 

cX H 


CH2-CH2 


‘C = 0 + NH 4 


CH2~'CH 

t/P^ 

C — O—H 


CH2-CH2.^ 

CH2-CH2'^ 


C=0 -f CO 2 





The decarboxylation in this case is facilitated by the adjacency of the 
electron-attracting carbonyl group. 

Extension of this method to the synthesis of rings with more than six 
carbon atoms in the ring is more difficult since the probability of the 
close approach of the two ends of the molecule is greatly reduced and 
condensation between different molecules is more apt to occur. Success¬ 
ful synthesis of the larger rings has been accomplished by carrying out 
the reaction in very dilute solution in the presence of diethyl lithium 
amide as catalyst (127). 

Isocyanides or isonitriles. The characteristic properties of the iso¬ 
nitriles are best explained by the formula proposed by Langmuir, 
R:N:::C: or R—N=C. In this type of compound the carbon atom pos¬ 
sesses an unshared electron pair. 

They are very readily hydrolyzed by acids but are unaffected by sodium 
or potassium hydroxide solutions: 

+ - 

. + ^ r n H-oi 

RNE c: 4- H [rn = ci^ - 


H H 

I I 

RN= C-OH 
. kj 


+ - 
H-^OH 


H H 

I 1 

RN-»-C —OH 

I h 

H 0-H 


// 

HC—OH -f 


Rra3 


The fact that a N-substituted formamide is an intermediate suggests the 
above course of reaction as the probable one. 
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CHAPTER XXVI 


Reactions of Dicarboxylic Acids and Their 
Derivatives 


The dicarboxylic acids resemble in many ways the monocarboxylic 
acids and similar mechanisms may be formulated for their reactions with 
bases, alcohols, and the halogens. In addition to these reactions, certain 
others are noted in this series as a result of the presence of two carboxyl 
groups. For example, oxalic acid when heated decomposes into carbon 
dioxide, carbon monoxide, and water. Formic acid may be formed as an 
intermediate in this reaction. While there is no direct evidence available 
as to the mechanism, one may arrive at a mechanism with reasonable 
certainty by applying the principles noted in the previous chapters: 


C—0—H 



CO 2 + CO + HOH 


The dehydration of oxalic acid by means of concentrated sulfuric acid 
may be shown in a similar manner: 


c— OH . 

1 - t * k 

C-^0~H 

-I- 

^C —OH 

C—OH 

1 



OH 



CO 2 + 




H 


CO + HOH -f- H^ 


In this case the addition of a proton from the acid catalyst to the car¬ 
bonyl oxygen atom initiates the electron displacements which result in 
the cleavages shown above. 

When malonic acid is heated, decarboxylation results with the elimi¬ 
nation of only one carboxyl group: 
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n ^ 

C-~0~H 0 

^ // 

CH 2 0 -► CH3C — OH -f CO 2 

C—0—H 


This is characteristic of compounds in which two carboxyl groups are 
attached to the same carbon atom. The electron-attracting carbonyl group 
is the initial driving force for the reaction. This decarboxylation is cat¬ 
alyzed by strong acids. For example, malonic acid is readily decarboxy- 
lated when its solution in dilute hydrochloric acid or dilute sulfuric acid 
is heated at the boiling point: 


0 

// 

c—OH 

H 2 C trOH-H 4 

\V/ 

C-OH 

+ 


0 




H 2 C 




O-H 




// + 
>CH3C--0H -fC02 + H 


Here again it must be the function of the catalyst to donate a proton to 
the oxygen of the carbonyl group. Such an addition would facilitate the 
decarboxylation of the rnalonic acid as shown above. 

Succinic and glutaric acids under similar conditions undergo dehydra¬ 
tion uf yield cyclic anhydrides. These reactions proceed more readily in 
the presence of acetyl chloride or some similar reagent which will react 
with the water liberated: 

0 0 

11 _ + II 


CH2-C-p' 

1 / 

CH2—C—OH 

rll 

^0 


CH2- 


CH2- 


‘OH 


c 


+ 


H 


0 


CH2-C 


CH 2 —C 


X 


0 -f HOH 


0 

succinic 

anhydride 
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In this case, neutralization of the positive and negative centers is most 
readily effected by ring closure. In the cases of oxalic acid and malonic 
acid, where stable ring formation is not possible, neutralization is effected 
through cleavage. 

The acids above glutaric acid tend to form linear polyanhydrides when 
heated: 


0 ^ 0 

W // - 

HO — C — (CH 2 )i,— C-0- 
adipic acid 


H H- HO 




c- 

+ 


0 

// 

'(CH2)4-C~“0H 


HO—C —(CH2)ii- 


0 0 0 

// W // ^ 

-C-O —C— (CH 2 ) ii-^C-OH + HOH 


Continuation of this process would lead to the formation of a polyan¬ 
hydride. 

Derivatives of the dibasic acids, anhydrides, acyl chlorides, and esters, 
behave in general like the corresponding derivatives of the monobasic 
acids. Certain additional reactions are encountered which are of consid¬ 
erable interest. For example, succinamide when heated loses ammonia 
and forms succinimide: 

0 

II ~ + 

CH2*~“C —NH H 

I .." ^ 

CH2 —C—NH2 

C 8 


// 


0 


CH2—C CH2‘ 

I ^ NH + I 

CH2—C^NH2 CH2—C' 

Ci 




NH + NH 3 


It will be noted that this reaction is very similar to the formation of suc¬ 
cinic anhydride from succinic acid. The structural systems in succinic acid 
and succinamide are electronically equivalent as far as the above reactions 
are concerned. Succinimide resembles the amides of the monocarboxylic 
acids in many ways. It is hydrolyzed when heated with acids or bases: 


CH 2 ~C^ 


CH 2 —C 


NH + H 




CH 2 — 




OH 


NH 


CH 2 -C" 

HO^H 


+ 
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1 A 

CH 2 - C = NH 


CH2 


// 

c- 


+ H 


OH 
enol of 

succlnamlc acid 


O-pH 

CH2 —C-^NH2 


CH 2 —C—OH 


+ -I- - 
H^OH 


0 

CH 2 C—OH ^ 

I 0 + NHu 

CH2C~0H 


Esters of the dibasic acids also undergo the Claisen type of condensa¬ 
tion. Those with no alpha hydrogen, such as ethyloxalate, cannot undergo 
5 elf-condensation but they can condense with other esters or ketones 
which possess alpha hydrogen atoms: 


0 OC 2 H 5 

II I ^ + 

C2H5~ O-C- C = 0 + CH 2 —C—0 Na 
+ - I 

OC 2 H 5 


0 OC 2 H 5 0 

II t II 

C2H5-~0—C—C-^CH—C—OC 2 H 5 -► 

I ^1 
0 H 


Na 




0 0 

II II , 

C 2 H 5 —0-->C —CIZICH—C-~0C2H5 4- C 2 H 5 OH - 

0 

+ 

Na 


0 0 

II II 

C 2 H 5 —0 — C~C—CH—c—OC 2 H 5 
OH 


0 0 0 
il tl il 

C2H5—0 —C —C —CH2—C —OC 2H5 
ethyloxalacetate 

Ethyloxalate can also condense with two molecules of ethylacetate to form 
ethyl ketopinate. 

Diethylsuccinate, under similar conditions, yields a cyclic diketo ester, 
diethyl succinylsuccinate: 
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« D Na 


OC2H5 
1 r* 
CH2—C=0 
-I- - 

0 
// 


CH2—C—OC2H5 CH2—C~0C2H5 



OC 2H5 

CH2 —C- 

0 Na 

CH2—C-— OC2H5 


H 0 
'I // 

C—C-~0C2H5 

0 
// 

CH2—c —OC2H5 


C2H50Na 

-^ 


0 Na 
I 

CH2-“C=: 


CH—C~~0 Na 
I 

OC2H5 


0 

// 

:C—C —OC2H5 

OC2H5 
I 

CH2—0=0 
•f - 


0 Na O 

« // 
CH2-C==C—C —OC 2H5 


0 


C2H50—C—CH—C 


OC2H5 

t 


O Na 




CH 


0 Na O 

I // 

CH2~C==C —C~0C2H5 


0 

C2H50“~C-~ CH- 


C = 
I H 
0 Ma 


:CH 


0 

// 

CH2-~ CO—CH— C—OC 2H5 


0 

W I 

C2H5O—C —CH— CO—CH2 

2$0 



The ethyl esters of certain of the higher homologs of succinic acid 
undergo intramolecular condensation to form cyclic keto esters (Dieck- 
mann condensation). This takes place most readily in those cases where 
five- or six-membered rings are formed: 
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The important “malonic ester syntheses" depend on the fact that di- 
ethylmalonate is more acidic than esters of the ethylacetate type as well 
as the esters of the higher dibasic acids, that is, the hydrogen atoms in the 
methylene group have a greater tendency to ionize. This is attributed to 
the increased possibilities for resonance in the anion, which is due to the 
adjacency of two carbonyl groups: 
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The use of the ester in malonic ester syntheses may be shown as follows: 
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Hydrolysis of the methyl and dimethyl derivatives followed by decar¬ 
boxylation yields propionic acid and isobutyric acid respectively. It is 
theoretically possible for the methyl group to add to either the carbonyl 
oxygen atom or to the carbon atom. If addition to oxygen does occur, 
rearrangement must result, for only the carbon-to-carbon product is iso¬ 
lated. 

The condensations of dialkyl diethylmalonates with urea to form the 
medicinally important barbiturates are base-catalyzed reactions. Appar¬ 
ently it is the function of the catalyst to assist the ionization of hydrogen 
from the urea molecule and the polarization of the carbonyl groups of 
the ester; 
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The condensation may be represented as follows: 
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5,5'dlalKylbarblturate 

The reaction probably takes place in two steps and the product is ob¬ 
tained as a sodium salt which, upon acidification, yields the tree dialkyl 
barbiturate. There is a formal resemblance between this Reaction and 
the ammonolysis of esters. 

The unsaturated dibasic acids, maleic and fumaric acids, are interest¬ 
ing examples of geometric isomers. The interconversion of cis and trans 
isomers has been accomplished by a variety ol reagents. In cases where 
one form is more stable than the other, conversion of the more labile form 
to the stable form may be readily effected. In cases where the stability of 
the two isomers is approximately the same, mixtures of the two isomers 
are obtained. In a large number of examples studied, the trans form is 
the stable form. When maleic acid is heated with dilute hydrochloric acid, 
it is converted into fumaric acid. In this rearrangement, the double bond 
must take on the character of a single bond, so that rotation to the stable 
form occurs: 
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Methyl maleate in dry ether solution is converted into methyl fumarate 
by the action of potassium. With other catalysts, the mechanisms are prob¬ 
ably similar. 

The conversion of fumaric acid into maleic acid calls for the absorp¬ 
tion of energy. This may be effected by irradiation with ultraviolet light. 
Although less obvious, it is probable that this change also depends upon 
the activation of the double bond. 

In general, the reactions of the carboxyl groups resemble those of the 
corresponding saturated acid, and the double bond has many of the 
characteristics of a simple olefin bond. However, there are some significant 
differences. Maleic acid forms an anhydride when heated. This is to be 
expected, since in the cis form the two carboxyl groups are so situated 
that a five-membered ring may readily be formed. The carboxyl groups in 
fumaric acid occupy trans positions and ring formation is impossible. 
Fumaric acid may be converted into maleic anhydride at higher tempera¬ 
tures. In this case the isomerization to maleic acid is a necessary inter¬ 
mediate step. 

The addition of bromine to maleic acid yields chiefly racemic dibromo- 
succinic acid, while fumaric acid gives mostly meso dibromosuccinic acid. 
Examination of the known configurations of these acids leaves no doubt 
that the reactions involve the trans addition of bromine: 
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Evidence has already been presented, under the addition of halogens to 
the olefins, that such an addition must take place in two steps which in¬ 
volve intermediate ions when carried out in polar solvents. The addition 
of bromine to maleic and fumaric acids cannot involve simultaneous addi¬ 
tion of both bromine atoms of the bromine molecule, for if this were true 
cis addition would surely occur. In order to account for the fact that 
rotation does not occur around the carbon-to-carbon linkage, an inter¬ 
mediate three-membered ring similar to the ethylene oxide ring has been 
postulated (128). If free rotation were possible, maleic acid and fumaric 
acid should yield the same mixture of dibromo derivatives: 
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This hypothesis accounts for the known facts, and the trans addition of 
halogens to olefin bonds is commonly accepted. 

The aromatic dibasic acids in which the two carboxyl groups occupy 
ortho positions resemble succinic and maleic acids in some respects. 
Phthalic acid, for example, when heated yields a five-membered cyclic 
anhydride: 





phthallc anhydride 


The corresponding imide, phthalimide, is used in the Gabriel reaction 
for the preparation of primary amines and amino acids: 




The imide of the mixed sulfonic-carboxylic acid, o-sulfobenzoic acid, 
is known as saccharin. It may be prepared by the oxidation of o-toluene- 
sulfonamide. The intermediate o-sulfonamide of benzoic acid then forms 
the imide: 
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Derivatives of carbonic acid. Carbonic acid, HO—C—OH, may be re¬ 
garded as the simplest dibasic organic acid. Although the acid itself is 
unstable, many of its derivatives are known. Urea or carbamide is the 
diamide of carbonic acid. It is best represented as a resonance hybrid: 
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Although its aqueous solution is neutral, urea acts as a weak monoacid 
base. It is assumed that in salt formation the proton becomes attached 
to the oxygen atom rather than to nitrogen. The formation of urea ni¬ 
trate may be shown as follows: 
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As pictured, the cation is stabilized by resonance: 
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The addition of the proton to oxygen has not been deduced from direct 
evidence, but rather by analogy to the salts of thiourea. Thiourea is 
readily oxidized in acid solution to a disulfide (129). Therefore it appears 
probable that in this case the proton adds to the sulfur atom, for this re¬ 
action is known to be a characteristic reaction of the —SH group. 

Urea is hydrolyzed by both alkalies and acids, but unlike the aliphatic 
acid amides, the hydrolysis of urea is more rapid with acids. The rate of 
acid hydrolysis, within wide limits, is independent of the hydrogen ion 
concentration (180). This unusual behavior has been stated to be due 
to the intermediate formation of ammonium cyanate. It has been assumed 
that the speed of acid hydrolysis is determined by the rate of change of 
urea into ammonium cyanate and is independent of the hydrogen ion 
concentration: 
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The acid catalyst apparently enters into a rapid reaction with the iso- 
cyanic acid formed: 
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When urea is heated just above its melting point, it is partially con¬ 
verted into biuret. Part of the urea dissociates into ammonia and cyanic 
acid and the latter then reacts with unchanged urea to form biuret: 
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At higher temperatures the cyanic acid polymerizes to a mixture of cy- 
anuric acid and cyamelide. 
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Sodium hypohalites react with urea in a manner somewhat similar to 
that noted for the amides of the acetamide series: 


C0(NH2)2 -f- 3NaOBr + 2NaOH-► 

Na 2 C 03 -j- N2 -f- 3NaBr 3 H 2 O 

There is little evidence available for establishing a mechanism for the 
reaction, although hydrazine is known to be an intermediate in this re¬ 
action. Under the usual conditions the hydrazine is quickly converted to 
nitrogen. If it is assumed that an amino group migrates from carbon to 
nitrogen instead of an alkyl group, a mechanism similar to that written 
for the Hofmann reaction may be used: 
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The hypothetical amino isocyanate would then be hydrolyzed to hydra¬ 
zine: 


H2N“-N~C=0 + 2NaOH-► H 2 N—NH 2 + Na 2 C 03 


The final step probably consists of the usual reaction between hydrazine 
and sodium hypobromite followed by the splitting out of hydrogen bro¬ 
mide: 
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CHAPTER XXVII 


Reactions of Amino Acids 


The amino acids contain amino and carboxyl groups, and as a result 
are both basic and acidic in character. The aliphatic alpha amino acids 
are of particular importance, for they are the chief building units of the 
proteins. When the latter are hydrolyzed, they are converted largely into 
mixtures of a-amino acids. 

In general, the aliphatic amino acids are soluble in water and difficultly 
soluble or insoluble in organic solvents. They do not have true melting 
points but decompose at high temperatures, aminoacetic acid or glycine, 
for example, decomposing above 200 ® C. These properties are similar to 
those of a true salt. Since an amino acid contains an amino and an acidic 
group, salt formation may take place within the molecule. It is known 
that the amino acids exist in the solid state as internal salts of dipolar 

ions (zwitterions). Glycine is best represented as HgNCHgCOO. 

In aqueous solution, glycine behaves as an amphoteric electrolyte and 
can form salts with both acids and bases: 
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sodium amlnoacetate 

There is considerable evidence to show that even in aqueous solution 
glycine exists predominantly as a dipolar ion. The reactions with bases 
and acids are more accurately formulated as follows: 
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It should be noted that a dipolar ion does not migrate in an electric field. 
In acid solution, however, it migrates to the cathode and in basic solution 
to the anode. 

The amino acids give many of the reactions characteristic of the mono- 
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carboxylic acids and of the primary aliphatic amines. When they are 
heated with dry ethyl alcohol containing hydrogen chloride, the hydro¬ 
chlorides of the ethyl esters are formed: 
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This reaction follows the same course as that previously discussed for the 
esterification of the monobasic acids. 

The free esters in most cases can be distilled under reduced pressure. 
When heated at atmospheric pressure, however, aminolysis occurs with 
the formation of cyclic diamides better known as diketo piperazines: 
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Diketopiperazine, together with a linear polyamide, is also formed when 
glycine is heated. Both types are readily hydrolyzed by acids and bases, 
similar to the simple amides. 

The /S-amino acids behave differently at high temperatures, losing a 
molecule of ammonia to form the corresponding a,/?-unsaturated acids: 
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This reaction depends on the lability of alpha hydrogen and the ability 
of nitrogen to accept a proton. 
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The gamma and delta amino acids are converted into cyclic amides 
(lactams) when heated: 
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The amino acids react like aliphatic primary amines towards nitrous 
acid, being converted into hydroxy acids: 
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The course of the reaction probably is the same as that postulated for 
the reaction of aliphatic primary amines with nitrous acid: 
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When glycine ethyl ester hydrochloride is treated with nitrous acid, 
diazoacetic ester is formed. The latter is an example of an aliphatic diaro 
compound. It must be extracted as it is formed, for otherwise it would be 
decomposed by the acid present in the aqueous solution. The aliphatic 
diazo group is best represented as a resonance hybrid of two structures; 
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The formation of diazoacetic ester may be formulated as follows: 
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In this case the electron-attracting positive nitrogen, instead of cleaving 
from carbon, becomes neutralized by causing an alpha hydrogen to ionize. 
This behavior is not unexpected since alpha hydrogen in an ester is more 
active than alpha hydrogen in the corresponding acid. 

When diazoacetic ester is treated with dilute hydrochloric acid, ethyl 
glycollate is formed. This reaction is similar to the decomposition of 
aromatic diazonium compounds to give phenols, and probably follows a 
similar mechanism: 
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In the presence of strong hydrochloric acid, ethyl chloroacetate is also 
formed. 

Similar reactions occur between aliphatic diazo compounds and other 
compounds which contain hydroxyl or amino groups. The use of dia¬ 
zomethane with such derivatives provides a valuable method of methyla- 
tion. Phenols and enol forms of compounds such as ethylacetoacetate 
react readily with diazomethane but alcohols which are weaker acids 
require the presence of an acid catalyst: 
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The amino acids undergo other reactions which are characteristic of 
aliphatic primary amines. They may be acylated by treatment with acid 
anhydrides or acyl chlorides with the formation of N-acyl derivatives. 
The primary amines react with isocyanic acid to form alkyl ureas. The 
amino acids react similarly, glycine, for example, giving hydantoic acid: 
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The latter when heated with hydrochloric acid is converted into hydan- 
toin: 
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The aromatic amino acids, such as the o-, m-y and p-aminobenzoic 
acids, apparently do not exist in the solid state as zwitterions. In aqueous 
solution, both zwitterions and uncharged molecules may be present. 
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CHAPTER XXVIII 


Reactions of Aliphatic Hydroxy Acids 


The hydroxy acids are similar in many of their properties and reactions 
to the alcohols and acids. The mechanisms for most of these reactions 
have been discussed previously. The presence of the hydroxyl and car¬ 
boxyl groups in the same molecule, however, makes certain additional 
reactions possible. For example, under the influence of an acid catalyst 
or of heat alone, the hydroxy acids are converted into esters or unsat¬ 
urated acids. The nature of the end product is determined by the relative 
positions of the hydroxyl and carboxyl groups in the hydroxy acid. a-Hy- 
droxy acids may form either linear polyesters or cyclic diesters: 
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In the presence of acid catalysts these reactions probably follow the Lowry 
mechanism for esterification: 
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Continuation o£ this process leads to the formation of a polyester. If the 
next step, however, involves the alcohol group and carboxyl group within 
the same molecule, a cyclic diester is formed: 
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Under similar conditions, action of heat alone or in the presence of 
acids, the ^-hydroxy acids are converted into unsaturated acids. a,^-Un- 
saturated acids are formed first, but in some cases isomerization of the 
latter to / 5 ,y-acids has been reported: 
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The course of this reaction is dependent upon the potentially ionizable 
hydrogen on the alpha carbon atom. The tendency of this hydrogen to 
ionize is aided by the formation of an oxonium ion. j8-Hydroxy-n-valeric 
acid under similar conditions has been reported to form both a,^- and 
/S,y-unsaturated acids. The isomerization of the a,jS-acid may be shown 
as follows: 
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y-Hydroxy acids lose water with the greatest ease to form cyclic esters 
(lactones). The ease with which the lactones are formed makes it difficult 
and sometimes impossible to isolate the free y-hydroxy acids. Acidifica¬ 
tion of solutions containing the sodium salts of y-hydroxy acids liberates 
the free acids which tend to change into lactones. The conversion into 
lactones is accelerated by heat and by acids: 
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Lactones usually are readily hydrolyzed by treatment with alkalies. 

Delta hydroxy acids* may be converted into the corresponding lactones, 
although apparently not as readily as the y-hydroxy acids. The greater 
ease of formation of y-lactones is illustrated by the behavior of gluconic 
acid. In the latter acid there are hydroxyl groups on the a, p, y, 8, and c 
carbon atoms, but only the y-lactone is formed: 
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CHAPTER XXIX 


Reactions of Aliphatic Keto Acids 


Pyruvic acid (pyroracemic acid), the simplest example of an a-keto 
acid, is a stronger acid than the corresponding fatty acid, propionic acid. 
This may be attributed to the electron attraction of the carbonyl group 
adjacent to the carboxyl group. Pyruvic acid reacts normally with some 
acid and ketone reagents. For example, it forms salts and esters and re¬ 
acts with hydroxylamine, phenylhydrazine, and hydrogen cyanide. 

When warmed with concentrated sulfuric acid, pyruvic acid is con¬ 
verted into acetic acid and carbon monoxide. When heated with dilute 
sulfuric acid, however, it is converted chiefly into acetaldehyde and car¬ 
bon dioxide. Mechanisms have not been established for these reactions. 
Since both are catalyzed by acids, it is reasonable to assume that oxonium 
ion formation is the initial step in each case: 
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Concentrated sulfuric acid by greatly reducing the ionization of pyruvic 
acid would increase the ketonic character of the carboxyl carbonyl group 
and thus increase the attraction of this carbonyl oxygen atom for a pro- 
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ton. Dilute sulfuric acid would not have such a marked effect on the 
ionization of pyruvic acid, and consequently the proton would tend to 
add to the oxygen atom of the free ketone group in the a- position. 

Acetoacetic acid, a fS-keto acid, is less stable than pyruvic acid and de¬ 
composes readily into acetone and carbon dioxide. This tendency is 
accelerated by heat or acids: 






CH3—c~-ch2—c-~oh4- 


CH3 



c—CH2 —C-O-H 




OH 

H -f C 0 2-f- CH3 —C=CH2 JIZZZJ^ CH3COCH3 

The ethyl ester of acetoacetic acid is widely cited as an example of a 
tautomeric compound. It is a typical ketone in its reactions with hydrogen 
cyanide, sodium bisulfite, and hydroxylamine. With other reagents it 
may act as an unsaturated alcohol. For example, it is converted into ethyl 
^-chlorocrotonate by phosphorus pentachloride and into a sodium salt 
by sodium. It decolorizes bromine solution and gives a violet color with 
ferric chloride. The following established equilibrium is in accord with 
these properties: 

0 0 OH 0 

II // I // 

CH3C~ CH 2C—OC 2H 5 iI=±CH3C=CHC - OC 2H 5 

As in other cases of prototropy, the initial step is the separation of a 
proton. The resulting anion resonates between two structures and thus 
is stabilized: 


(►0 0 
^11 in // 

CH3 —C-^CHC —OC 2H5 


, nr // 

CH3—crcHC—OC 2H5 


In the molecular form the enol is stabilized through hydrogen bonding, 

O-H.O 

I II 

CH3—C=CH—C—OCjH^. Ethylacetoacetate contains more enol form in 
equilibrium with the keto form than is the case with a simple ketone 
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such as acetone but less than acetylactone. As mentioned previously, the 
anion from acetylacetone resonates among three structures and the molec¬ 
ular form of the enol is stabilized through hydrogen bonding. 

Ethylacetoacetate and its substituted derivatives undergo “ketonic 
cleavages*' when hydrolyzed by dilute acids or dilute bases and “acid 
cleavages” when hydrolyzed by strong alkali solutions. The reactions are 
not mutually exclusive but proceed simultaneously, the one predominat¬ 
ing in dilute acid solution or weakly alkaline solution, and the other in 
strongly alkaline solution. 

The ketonic cleavage appears to involve acid- or base-catalyzed hydroly¬ 
sis of the ester to acetoacetic acid followed by decarboxylation to a ketone: 


CH 3 COCH 2 C- 

+ 


-OC2H5 -f- H , 


OH 

I 

CH3COCH2C-OC2H5 


•f - 

H 40 H 




CH3C0CH2C-»0C2H5 -}- h*: 


A> 


11 


0 
// 

CH3CCH2C— 

+ 


OH + C 2H 5OH 4- H 


-► 




OH 0 

CH 3 C 


-♦ CH 3 COCH 3 -f CO 2 + ^ 




CH 3 COCH 2 C —OC 2 H 5 -t-0H7~Z± 


CH3C0CH2C-^0C2H5 

0 *-H 


C2H5OH-)- 


^0 0 
^11 jr"—\ //^ 

CH3C—CH2—C —0 


CH3—c = ch2 4- CO2 


r -0 - 

CH 3 —C = CH 2 


4- H.»0H-^^300 ^3 + OH 
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The *‘acid cleavage'" involves an attack by the base at the ketone group 
rather than at the carbethoxy group: 


^11 

CH 3 C- 


0 

// 


CH2C—OC2H5 4 “ oh: 


ro 0 

Wi // 

CH3C-^CH2C-~0C2H5 


1 


-H 


0 0 

// - // 

CH3C-O+ CH3C—OC2H5 


The ethylacetate shown in the last step would be hydrolyzed to ethyl 
alcohol and acetate ion. 
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CHAPTER XXX 


Reactions of Heterocyclic Compounds 


Electronic mechanisms have not been applied so widely to the reactions 
of the heterocyclic compounds as to the aliphatic and aromatic series. 
This is probably due to the greater complexity of heterocyclic com¬ 
pounds. Although it is beyond the scope of this book to discuss hetero¬ 
cyclic reactions in general, it is important to note that the same funda¬ 
mental principles may be applied in this series. 

Pyridine, for example, has a somewhat higher resonance energy than 
benzene (39 kcal. for 43 kcal. for C,,H.N). The following struc¬ 

tures contribute to the net structure of the molecule: 



1 


The ionic structures make an appreciable contribution to the net struc¬ 
ture and cause a decrease in electron availability at all positions. This 
decrease, however, is smallest at the /?(3)- position. Sulfonation and 
nitration of pyridine occur with great difficulty and lead to the formation 
of j0-substituted derivatives. These reactions are carried out in strongly 
acidic media, and, consequently, the pyridinium ion, C 5 H 5 NH,^and not 
free pyridine would be present. The positive charge on the nitrogen 
atom in the ion would aid the electron displacements toward nitrogen 
and hence increase the tendency towards ^-substitution. 

Halogenation of pyridine also occurs with great difficulty. Bromination 
may be effected in the vapor phase at high temperatures. At 300° C. 
bromination leads largely to the formation of jS-bromopyridine, as would 
be expected. At 500° C., however, a-bromopyridine is formed. Since it is 
known that the bromine molecule dissociates at this temperature, it seems 
probable that the attacking agent would be the bromine atom rather 
than the electrophilic bromine molecule and thus involve a radical 
mechanism. 

The unsubstituted pyridine nucleus is also quite resistant to acylation 
or alkylation in Friedel-Crafts reactions. 

In sharp contrast to the difficulty with which substitution takes place 
with electrophilic reagents, the reaction with sodamide takes place with 
comparative ease to form 2'aminopyridine. This behavior is in accord 
with the resonant nature of the pyridine molecule and the strongly nu¬ 
cleophilic character of sodamide: 
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With two equivalents of sodamide it is possible to prepare 2,6-diamino- 
pyridine. Apparently there is little tendency for substitution to occur 
at the 4- position. 

Pyridine undergoes an interesting reaction with sodium. Sodium be¬ 
comes attached to nitrogen and two rings are united to form a tetra- 
hydrodipyridyl. The latter is oxidized with moist air to a dipyridyl. If 
the reaction is carried out at room temperature and allowed to stand 
for several days before treating with moist air, y,y'-dipyridyl is the main 
product: 



m 








^ + NaOH+ HOH 


A radical mechanism is definitely indicated. The odd electron in the 
pyridyl radical may resonate among several positions. In the formation 
of y,y'-dipyridyl, the unsaturated pyridine system behaves essentially like 
a conjugated diene. By varying the conditions other dipyridyls can be 
obtained, such as a, a'-, a,^-, and /?,y-dipyridyls (131). 

Alkylation of pyridine may be effected by heating the alkyl pyridinium 
salts at 300®. The alkyl group enters the 2- or 4- position: 





CH 3 + HCl 


2-inethylpyrld Ine 
or 

a-plcollne 


The electron-attracting nitrogen atom may be considered to be the initiat¬ 
ing force for the reaction. The electron shifts produce a positive charge 
on the alpha and gamma carbon atoms, making them receptive for the 
addition of a carbanion. Whether or not a free carbanion is an actual 
intermediate is not known. It is more probable that this reaction is just 
another example of new bonds being formed simultaneously with the 
breaking of old ones. It has been reported that isomerization of the alkyl 
group also occurs in some cases. The n-propyl group undergoes partial 
isomerization to the isopropyl group during the reaction. 


2S6 



A similar reaction takes place when the addition compounds between 
pyridine and Grignard reagents are heated at 150°—160under pressure 

(132) . Apparently Grignard reagents add quantitatively to pyridine 

(133) and under the conditions noted above give 2-alkyl or 2-aryl pyri* 
dines. Similarly alkyl lithium compounds add to pyridine, and the addi¬ 
tion compounds when heated to 100° split out lithium hydride and form 
2-alkyl substituted pyridines (134). Lithium alkyls and Grignard re¬ 
agents would readily furnish the necessary nucleophilic alkyl groups for 
these reactions: 




t 


Ll 

2-alKyl-/V-lithium 
dlhytlropyr Idlne 



R+ LiH 


The reactivity of the methyl groups in 2-methyl and 4-methyl pyridines 
is another interesting example of the effect of the electron-attracting ring 
nitrogen atom on the rest of the molecule. The methyl group when in 
the 2- or 4- position behaves more or less like an activated methylene 
group: 


H 2 C- 7 H 

1^ 



An aldol type addition occurs when 2-methyl p^idine is heated with an 
aldehyde alone or in the presence of zinc chloride: 



- * 

CH2^-H4- C6H5C=0 

4. - 


ZnCl 2 



CH=:CHC6H5-f HOH 




2 *-styrryl pyridine 


2-Methyl and 4-methyl pyridine may be alkylated by alkyl chlorides in 
the presence of sodamide (135). These reactions may be carried out at 
room temperature or slightly above: 




iPx 

+ NaCl 


Some dialkylated product is also formed. When a ketone is used in place 
of the halide, a tertiary alcohol is formed. 

This activating effect on the part of the ring nitrogen is shown also 
by the fact that the 2- and 4-carboxylic acids are more readily decar- 
boxylated by heat than is the ^-acid: 




+ C02 


The character of the hydroxy pyridines also appears to be adequately 
explained by the effect of the ring nitrogen atom. Those with the hy- 
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droxyl group in the beta position behave as true phenols, as would be 
expected, since the nitrogen does not appreciably allect the /3* position. 
When the hydroxyl group occupies the a- or y- position, however, it is 
under the influence of the nitrogen and behaves as a tautomeric sub¬ 
stance. They give many of the reactions of the corresponding pyridones: 



oc-pjn'ldone 


Similarly, j8-aminopyridine exhibits the behavior of an aromatic amine. 
When the amino group occupies the a- or y- position the compounds be¬ 
have more like the imino analogs of the pyridones. 

Furan. Furan is a five-membered heterocyclic compound. Its reso¬ 
nance energy (23 kcal.) is considerably less than that of benzene (39 
kcal.). The following structures contribute to the net structure of the 
molecule: 


HC- 

HC 

\ / 

0 : 


CH 

HC — 

II 

— CH 

HC — 

-CH 

II 

HC = 

= CH 

HC = 

= CH 

CH 

II 

HC 

CH 

HC 

11 

CH 

HC 

CH 

HC 

CH 


P. P. P. P. 

+ F + 


The observed carbon-to-oxygen bond length is less than that expected 
for a single link between the two atoms. 

Furan is much more reactive than pyridine towards electrophilic re¬ 
agents, as would be expected. Its conjugated dienic character is shown 
by the addition of maleic anhydride (136): 


r\ 





HC 

a 

HC 


CO 

CO 
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In general all substituting groups enter an alpha position if one is 
open. Many of the substitution reactions are complicated by the fact 
that cleavage of the ring occurs quite readily in the presence of acids 
and consequently large amounts of polymeric material are often obtained. 
Bromination gives 2,5-dibromofuran as the chief product: 




HC-CH 

BrC CBr 



4- 


HBr 


Cleavage of the furan ring occurs violently in the presence of concen¬ 
trated acids but takes place moderately under the influence of dilute 
acids. The ring, however, is resistant to alkalies. The cleavage reactions 
appear to be quite complicated and little is known concerning the mecha¬ 
nisms which are involved. It may be assumed that the first step in the 
reaction is the addition of a proton to the ether oxygen atom and the 
resulting electron displacements promote cleavage. It is believed that 
dicarbonyl compounds are the first hydrolysis products (137). Conver¬ 
sion of 2,5-dimethyl furan to acetonylacetone by heating with dilute 
hydrochloric acid has been reported. In this case the following mecha¬ 
nism seems probable: 
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HC 

II 

CHjC. 


CH 




^CCH 3 


HC- 

11 

— CH 

11 

II 

CH3C. 

II 

CCH3 

\ 


0 

1 

\ 

H 

\ 

\ 


HO^H 
- F 


CH3- C=:CH-CHi::C-~CH3-f- H ^ 
0—H O-H 


±CH 3 C 0 CH 2 CH 2 COCH 3 


The reverse of this reaction has also been realized. 2,5-Dimethyl furan 
may be obtained from acetonylacetone by heating with phosphorus pent- 
oxide or anhydrous zinc chloride. 

The above mechanism probably applies to other furan compounds, 
although many of them are more complicated. Furfuryl alcohol is a good 
example of a more complicated case. It reacts violently with concentrated 
hydrochloric acid but yields levulinic acid when treated with dilute 
hydrochloric acid: 


HC 


CH 


+ H^i 


HC^ CH2OH 

0 


HC- 


•CH 


HC C —CH2OH 

/ 

! 0 - H 


HO^ H 
— + 


"iP 

— CH 

til 

H2C- 

-CH 2 

1 

H 

H — C 

11 

C-CH2OH M - — 

k 

: H-c 

11 

-0 - 

11 

0 

n 

H—0 

n 

O-H 

11 

0 

1 

CH2OH 


S-hytiiroxjrpentanone-4-al-l 


0 

tl 

CH 3 COCH 2 CH 2 C—OH 
levulinic acid 
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This reaction appears to follow the expected course as far as the forma¬ 
tion of a dicarbonyl compound is concerned. The conversion of the lat¬ 
ter to levulinic acid is more difficult to interpret. It has been assumed 
that this intramolecular oxidation and reduction involves the interme¬ 
diate formation of a six-membered ring (138). 


H2C-CH2 


H2C -CH2 

C = 0 


H—0 



j 

j 

j 

C c 

:zzo-► 0 = 1 

c c 


CH2 


OH CH 3 


If a cyclic hemiacetal is the necessary intermediate, the last step must 
involve a mechanism similar to that established for the Cannizzaro re¬ 
action. It should be noted that the above mechanism cannot be regarded 
as established. Secondary alcohols, prepared from furfural and Grignard 
reagents, have also been used to prepare y-ketonic acids (139). 

An interesting rearrangement, which does not involve cleavage, takes 
place when furfuryl chloride is treated with sodium cyanide (HO) : 


HC 

II 

HC 


CH 


^ NaCN- 


C—CH2CI 


HC' 


NC—C 


CH 

II -f- Nad 
C—CH3 


0 

2 -c yan o-5-ifie t hy 1 f uran 


It is doubtful if this reaction represents a true rearrangement. It is more 
probable that the first step is the addition of the nucleophilic cyanide 
ion to the alpha carbon atom followed by a prototropic change to a more 
stable product: 


HC 


‘CH 


-+ ii> 

HC C—CH2-»C1 

NaCN 

+- 


hc===ch 

5^1 ^1 

-► ,C=:CH 2 -f- NaCl 


NC^ 


HC 


CH 


NC-C C-CH 3 

^ 0 ^ 


m 



Furfural, one of the important furan derivatives 



HC C—C =0 

\ / 

0 

behaves chemically like the aromatic aldehydes. It is readily oxidized to 
furoic acid and reduced to furfuryl alcohol. It gives the simple addition 
reactions and undergoes the Cannizzaro reaction and the benzoin (fu- 
roin) condensation. 

Thiophene. Thiophene is the thio analog of furan and may be con¬ 
sidered as a hybrid of five resonant structures: 


HC - CH HC - CH 

II II II 1 

HC — 

1 

— CH 

II 

HC - CH 

1 1 

HC -CH 

1 1 

II II II 1 

HC CH HC CH 
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HC 

II 

CH 

1 1 

HC CH 

1 1 

HC CH 

\/ \ / 

\/ 

/ 

\/-^ 

s: s 

S 

S 

S 

+ 

+ 

+ 

+ 


The carbon-sulfur bond length is less than that expected for a single bond 
between the two atoms. The resonance energy of thiophene (31 kcal.) in¬ 
dicates that it is stabilized to a greater degree than is furan but to a 
smaller extent than benzene or pyridine. The chemical reactivity of thio¬ 
phene, in general, is in good agreement with this fact. 

Thiophene does not give an addition product with maleic anhydride. 
Substituting groups usually enter the alpha positions but alpha orienta¬ 
tion is not so exclusive as in the case of furan. Bromination gives 2-bromo 
and 2,5-dibromothiophene and with excess bromine tri- and tetrabromo 
derivatives may be formed: 



m 



Nitration and sulfonation occur under mild conditions. For example, 
a-thiophene sulfonic acid may be prepared from thiophene and concen¬ 
trated sulfuric acid at a relatively low temperature: 



HC-CH 


HC 


C-S02 0H*t“ HOH 


:s 


Acyl chlorides react readily with thiophene in the presence of alumi¬ 
num chloride and a solvent such as carbon disulfide. The thiophene is 
added with the acyl chloride to minimize tar formation: 


<^11 

CH3C-C1 + AICI35: 


0—AICI3 


±CH 3 —C-Cl 


0 —AICI3 

HC —— CH I 

li /'ll -I- CH3_C-C1- 

HC '^CH. + 

+ 




CH 3 

I 

C-^-Cl 

h 

0-i-AlCl 
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HC 

II 

HC 


CH 


:S 


0 

II 

C —C—CH3 


4- Hci 4 - AICI 3 


methyl c<-thlenyl ketone 


The thiophene ring is more stable than the furan ring and is not 
cleaved by treatment with dilute acids. This is not surprising in view 
of the fact that the carbon-sulfur bond, in general, is more difficult to 
cleave than the carbon-oxygen bond. 

Pyrrole. Pyrrole is another example of a five-rnembered heterocyclic 
compound. Its resonance energy has been reported to be SI kcal. (same 
as for thiophene). The following structures contribute to its net struc¬ 
ture: 


HC — 

II 

— CH 

II 

HC — 

II 

— CH 
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HC- 

1 

-CH 

II 

HC = 

1 

— CH 

1 

HC = 

1 

= CH 

1 

II 

HC 

II 

CH 

11 

HC 

1 

CH 

1 

HC 

II 

CH 

1 

HC 

1 

CH 

1 

HC 

1 

CH 

\/ 

\/ 

\/ 




n: n+ +n n-i* +n 


H H H H H 


The carbon-nitrogen bond length is less than that expected for a single 
bond between the two atoms. The election displacements away from the 
nitrogen atom account for its weakly basic character as well as for the 
weakly acidic nature of the hydrogen which is attached to the nitrogen 
atom. 

Potassium reacts with pyrrole, in a petroleum ether, to form pyrryl- 
potassium. A more general method for preparing metallic derivatives 
consists in carrying out the reaction between pyrrole and certain metals 
in liquid ammonia (HI). Pyrrole carboxylic acids are obtained when 
pyrrylpotassium is heated with carbon dioxide. At 20()°-220° the 2- and 
3-pyrrole carboxylic acids are formed. This reaction undoubtedly fol¬ 
lows the same course as the Kolbe syntheses of hydroxy-substituted aro¬ 
matic carboxylic acids (page 83 ) : 
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HC — 

-CH 

II 

II ° 

II 

II II - 

HC 

C —C-0 


\/ 

:N 


H 


The formation of the 3 carboxylic acid follows a similar mechanism. It 
is not clear at present what determines whether the electrophilic reagent 
attacks the 2- position or the 3- position. 

Pyrrole decomposes methyl magnesium iodide with the evolution of 
methane (142) : 


HC - 

— CH _ ^ 

HC - 

- CH 

II 

II + CH3..MgI — 

-^11 

II -l-CHii 

HC 

CH 

HC 

CH 


U 

H 


N 

I 

Mgl 


When N-pyrrylmagnesium halides are heated with alkyl halides or car- 
bon dioxide, substituted pyrroles are formed. In general, with alkyl 
halides, 2-alkyl pyrroles are obtained. An exception to this generaliza¬ 
tion is noted, however, when methyl iodide is used as the alkyl halide. 
In this case the alkyl group enters the 3- position predominantly: 


HC 


CH 


•^C 

HC CH 

'^:N 

t 

Mg I 




HC = CH 
K -h MgX2 

HC C'^ 


HC — 

- CH 

HC 

CR 




H 

In general, substitution occurs readily in the pyrrole ring. Substituting 
groups usually enter the alpha positions if the latter are not occupied. 
Halogenation proceeds very readily. Even iodine, in potassium iodide 
solution, reacts easily to form tetraiodopyrrole. Nitration and sulfona- 
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tion cannot be carried out successfully with pyrrole because the latter 
is rapidly resinified by treatment with concentrated acids. Some of the 
substituted pyrroles, which contain meta directing groups, may be ni¬ 
trated or sulfonated. 

When pyrrole is heated at 240° with acetic anhydride, 2-acetyl pyrrole 
and 2,5-diacetylpyrrole are formed. It is possible that a N-acyl compound 
is an intermediate and is subsequently rearranged to a C-acyl derivative. 
It is not necessary, however, to assume such an intermediate. The fol¬ 
lowing mechanism represents the reaction as a simple anionic attack at 
the carbonyl carbon atom of the anhydride: 



CH3~ Cs 
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CH3-~ C' 
II 
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HC 


CH 



K i 


1 J,hI' 
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C—CH3 
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II 
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II 

— CH 

II 

II 
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II 
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:N 
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0 

II 

c—CH3 


*4' 


0 

II 

CH3C~0H 


methyloc-pyrryl ketone 


This reaction is similar to the Friedel-Crafts acylations except that it is 
carried out without the activating influence of aluminum chloride. Ac¬ 
tually a more general method for the acylation of pyrroles consists of 
treating the latter with an acyl halide and aluminum chloride. In the 
presence of the catalyst, the acyl group will enter a jS- position if the a- 
positions are blocked. The aluminum chloride serves to increase the elec¬ 
trophilic nature of the carbonyl carbon atom, otherwise the mechanism 
is similar to the one shown above: 





0 -~AlCl 3 
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R-C —Cl - 
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HC 
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‘-'h 


CH 

K.H 


0^A1C13 
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II 

li 
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II 

C —COR 
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:N 
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+ Aid 3 + HCl 


In reactions of this type, it is necessary to hydrolyze the reaction product 
in order to obtain the free ketone. This may be shown as follows: 




HC 




H 


O--AICI3 

I 

C —R 


4 - HCl 



a-Pyrrole aldehydes may be prepared by the application of the Catter- 
mann synthesis for hydroxy aldehydes. The aldehyde group enters an 
alpha position unless the latter is blocked by a substituent. It has been 
reported (143) that a-pyrrole aldiraine hydrochloride precipitates when 
pyrrole is dissolved in dry ether and treated with anhydrous hydrogen 
cyanide and hydrogen chloride The aldimine hydrochloride is hydrolyzed 
to the aldehyde by warming with water: 



:N 

H 
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HC-CH 

„H II II T 

-► HC. c — C = 0+NH4C1 

\/ 

:n 

H 

a-Pyrrolc aldehyde may be prepared also by the Reiraer-Tiemann 
reaction. 

Cleavage of the pyrrole ring with acids is not usually possible. Acids, 
in general, promote polymerization rather than cleavage. 


299 




Bibliography 


(1) G. N. Lewis, Valence and the Structure of Atoms and Molecules, 
The Chemical Catalog Company, New York, 1923. 

(2) L. Pauling, The Nature of the Chemical Bond, Cornell University 
Press, Ithaca, N. Y., 2d ed., 1940. 

(3) G. W. Wheland, The Theory of Resonance, John Wiley and Sons, 
Inc., New York, 1944. 

(4) O, K. Rice, Electronic Structure and Chemical Bonding, McGraw- 
Hill Book Company, New York, 1940. 

(5) Brown, Kharasch, and Chao, /. Am. Chem. Soc., 62, 3435 (1940). 

(6) Vaughan and Rust, /. Org. Chem., 5, 449 (1940). 

(7) Paneth and Hofeditz, Ber., 62, 1335 (1929); Paneth and Lautsch, 
Ber., 64, 2702 (1931) ; Paneth and Herzfeld, Z. Elektrochem., 37, 
577 (1931). 

(8) Francis, /. Am. Chem. Soc., 47, 2340 (1925). 

(9) Bartlett and Tarbell, J. Am. Chem. Soc., 58, 466 (1936). 

(10) Groll and Hearne, Ind. Eng. Chem., 31, 1530 (1939). 

(11) Mayo and Katz, J. Am. Chem. Soc., 69, 1339 (1947). 

(12) Mayo and Walling, Chem. Rev., 27, 351 (1940). 

(13) O’Connor, Baldinger, Vogt, and Hennion, J. Am. Chem. Soc., 61, 
1454 (1939); Hennion and Irwin, J. Am. Chem. Soc., 63, 860 
(1941). 

(14) Mayo and Savoy, J. Am. Chem. Soc., 69, 1348 (1947). 

(15) Tarbell and Bartlett, /. Am. Chem. Soc., 59, 407 (1937). 

(16) Brooks and Humphrey, /. Am. Chem. Soc., 40, 822 (1918). 

(17) Burton and Ingold, ]. Chem. Soc., 910 (1928). 

(18) Kharasch, Margolis, and Mayo, /. Org. Chem., 1, 393 (1936). 

(19) Taylor and Tobalsky, J. Am. Chem. Soc., 67, 2063 (1945). 

(20) Pauling, Brockway, and Beach, J. Am. Chem. Soc., 57, 2705 (1935). 

(21) {a) Hammett and Dryrup, J. Am. Chem. Soc., 55, 1900 (1933); 
Treffers and Hammett, ibid., 59, 1708 (1937); (5) Westlieimer 
and Kharasch, J. Am. Chem. Soc., 68, 1871 (1946). 

(22) Hammett, Physical Organic Chemistry, McGraw-Hill Book Co., 
New York, 1940. 

(23) Finkelstein, Z. physik. Chem., 124, 285 (1926); Ingold, Rec. trav. 
c/i/m., 48, 809 (1929). 

(24) Fuson and McKeever, Organic Reactions, Vol. I, Chap. 3, John 
Wiley and Sons, Inc., New York, 1942. 

(25) Baker and Nathan, J. Chem. Soc., 1844 (1935). 

(26) Ingold and Taher, J. Chem. Soc., 949 (1940). 

(27) Gilman, Organic Chemistry, Vol. I, Chap. 2, 2d ed., John Wiley 
and Sons, Inc., New York. 

(28) Kohler and Conant, /. Am. Chem. Soc., 39, 1404 (1917). 

(29) Bennett and collaborators, /. Chem. Soc., 1112 (1933); 1827 (1935). 


301 



(SO) (a) Hughes, Ingold, and co-workers, /. Chem. Soc., 526, 1571 
(1933); 236, 244, 255 (1935); 225 (1936); 1177, 1183, 1187, 1192 

(1937); 881 (1938); 1008 (1940); (b) Swain, J. Am. Chem. Soc„ 

70,1119 (1948); (c) ibid., 70, 29S9 (1948). 

(31) Hartel and Polanyi, Z. physik. Chem., Bll, 97 (1930); Hartel, 
Meer, and Polanyi, ibid., B19, 139 (1932); Horn, Polanyi, and 
Style, ibid., B23, 291 (1933) ; Horn and Polanyi, ibid., B25, 151 
(1934); Allan and Bawn, Trans. Faraday Soc., 34, 463 (1938). 

(32) Rapson and Shuttleworth, Nature, 147, 675 (1941). 

(33) Burton and Ingold, Proc. Leeds Phil. Lit. Soc. Sci. Sec., 1, 421 

(1929); Ingold, Trans. Faraday Soc., 30. 52 (1934); Pauling and 
Wheland, J. Chem. Phys., 1, 363 (1933). 

(34) Muller and Kruck, Ber., 71, 1778 (1938); Marvel, Mueller, and 
Ginsburg, /. Am. Chem. Soc., 61, 2008 (1939). 

(35) Price, Reactions at Carbon-Carbon Double Bonds, Intersciencc 
Publishers, Inc,, New York, 1946. 

(36) Kharasch and Fields, /. Am. Chem. Soc., 63, 2316 (1941). 

(37) Grunwald and Winstein, J. Am. Chem. Soc., 69, 2051 (1947). 

(38) Van Alpen, Rec. trav. chim., 49, 754 (1930). 

(39) Lowry, J. Chem. Soc., 123, 827 (1923); 127, 1379 (1925). 

(40) Cohen and Schneider, J. Am. Chem. Soc., 63, 3382 (1941). 

(41) Waters, Trans. Faraday Soc., 42, 184 (1946); /. Chem. Soc., 115 
(1946). 

(42) Emerson, J. Am. Chem. Soc., 69, 1212 (1947). 

(43) Emerson and Agnew, J. Am. Chem. Soc., 67, 518 (1945). 

(44) Martinsen, Z. physik. Chem., 50, 385 (1905). 

(45) Bunton, Hughes, Ingold, and Reed, Nature, 158, 514 (1946). 

(46) Schramm and Westheimer, J. Am. Chem. Soc., 70, 1782 (1948). 

(47) Armstrong and Richardson, /. Chem. Soc., 496 (1933). 

(48) Gilman, Arntzen, and Webb, /. Org. Chem., 10, 374 (1945). 

(49) Hinkel and co-workers, J. Chem. Soc., 1834 (1930); 3343 (1931); 
2793 (1932); 674 (1935); 185 (1936). 

(50) Blatt, Organic Reactions, Vol. I, Chap. XI, John Wiley and Sons, 
Inc., New York, 1942. 

(51) Rosenmund and Schnurr, Ann., 460, 56 (1928) . 

(52) Tarbell, Organic Reactions, Vol. II, Chap. I, John Wiley and Sons, 
Inc., New York, 1944; Chem. Rev., 27, 495 (1940). 

(53) Tarbell and Wilson, J. Am. Chem. Soc., 64, 607 (1942). 

(54) Hurd and Pollack, /. Org. Chem., 3, 550 (1939). 

(55) Mumm, Hornhardt, and Diedericksen, Ber., 72B, 100 (1939). 

(56) Lauer and Leckley, J. Am. Chem. Soc., 61, 3043 (1939); Lauer and 
Ungnade, ibid., 61, 3047 (1939). 

(57) Mayo, Hardy, and Schultz, /. Am. Chem. Soc., 63, 426 (1941). 

(58) Buswell, Rodebush, and Roy, /. Am. Chem. Soc., 60, 2528 (1938) . 

(59) Wilson and Lucas, J. Am. Chem. Soc., 58, 2396 (1936). 


302 



(60) Barnes and Budde, /. Am. Chem. Soc,, 68, 2339 (1946). 

(61) Kadesch, /. Am. Chem. Soc., 68, 41 (1946); Castro and Noller, 
ibid., 68, 203, (1946); see also Sparks and Nelson, ibid., 58, 671 

(1936). 

(62) Russell and Vander Werf, J. Am. Chem. Soc., 69, 11 (1947). 

(63) Darzens and co-workers, Compt. rend., 139, 1214 (1905); 141, 766 
(1906); 142, 714 (1906); 144, 1123 (1907); 145, 1342 (1908); 150, 
1243 (1910); 151,758 (1911); 152, 1105 (1911); 154, 1812 (1912); 
195, 884 (1932); Yarnall and Wallis, J. Org. Chem., 4, 270 (1939). 

(64) Watson, Nathan, and Laurie, J. Chem. Phys. 3, 170 (1935). 

(65) Kuhn, Badstubner, and Grundman, Ber., 69, 98 (1936). 

(66) Knoevenagel, Ber., 31, 2596 (1898); Mayer, Bull. soc. chim., 33, 
157, 395, 498 (1905). 

(67) Stein and Day, ]. Am. Chem. Soc., 64, 2569 (1942). 

(68) Blicke, Organic Reactions, Vol. I, Chap. 10, John Wiley and Sons, 
Inc., New York, 1942. 

(69) Feldman and Wagner, J. Org. Chem., 7, 31 (1942); McCoy and 
Day, J. Am. Chem. Soc., 65, 2157 (1943). 

(70) Wilds, Organic Reactions, Vol. II, Chap. V, John Wiley and Sons, 
Inc., New York, 1944. 

(71) Oppenauer, Rec. trav. chim., 56, 137 (1937). 

(72) Houben and Fischer, Ber., 64, 240 (1931). 

(73) Meerwein and Sonke, Ber., 64, 2379 (1931). 

(74) Arnold, Buckles, and Stoltenberg, J. Am. Chem. Soc., 66, 208 
(1944). 

(75) Lobering and Jung, Monatsh., 70, 281 (1937). 

(76) Schwab, Handbuch der Katalyse, Vol. II, “Phenomena of Acid- 
Base Catalysts" (Baker and Rothstein), Springer, 1940. 

(77) Adkins and co-workers, /. Am. Chem. Soc., 44, 2749 (1922); 47, 
1358, 1368 (1925); 53, 1853 (1931). 

(78) Fredenhagen and Bonhoeffer, Z. physik. Chem., A181, 379 (1938). 

(79) Alexander, /. Am. Chem. Soc., 69, 289 (1947). 

(80) Tommila, Ann. Acad, Sci. Fennicae, Ser. A 59, No. 8, 3 (1942). 

(81) Private communication from Dr. T. R. Geissman, University of 
California, Los Angeles. 

(82) Johnson, Organic Reactions, Vol. I, Chap. 8, John Wiley and Sons, 
Inc., New York, 1942. 

(83) Kato, Science Repts. Tokyo Bunrika Daigaku, A2, 257 (1935). 

(84) Kuhara, On the Beckmann Rearrangement, Imperial University of 
Tokyo, 1926. 

(85) Chapman, /. Chem. Soc., 806 (1933); 1550 (1934); 448 (1936). 

(86) Kenyon and Young, J. Chem. Soc., 263 (1941). 

(87) Watson, Modern Theories of Organic Chemistry, Oxford Univer¬ 
sity Press, p. 199, 2d ed. 

(88) Stevens, /. Am. Chem. Soc., 57, 1112 (1935). 



(89) Kohler, Am, Chem. 38, 511 (1907). 

(90) Gilman and Kirby, J. Am. Chem. Soc., 63, 2046 (1941). 

(91) Gilman, Organic Chemistry, Vol. II, Chap. 19, 2d ed., John Wiley 
and Sons, Inc., New York. 

(92) Cooper, Ingold, and Ingold, /. Chem. Soc., 1868 (1926). 

(93) Michael and Ross, /. Am. Chem. Soc., 52, 4598 (1930); 55, 1632 
(1933). 

(94) McCoy and Day, ]. Am. Chem. Soc., 65, 2159 (1943). 

(95) Steck and Day, /. Am. Chem. Soc., 65, 452 (1943). 

(96) Gilman and Heckert, /. Am. Chem. Soc., 42, 1010 (1920). 

(97) Hurd and Roe, ]. Am. Chem. Soc., 61, 3355 (1939). 

(98) Boese, Ind. Eng. Chem., 32, 16 (1940); see also Miller and Koch, 
J. Am. Chem. Soc., 70, 1890 (1948). 

(99) Ebert, Z. Electrochem., 31, 113 (1925). 

(100) Allen and Wilson, ]. Am. Chem. Soc., 63, 1756 (1941). 

(101) Bochvar and co-workers, ]. Am. Chem. Soc., 65, 2162 (1943). 

(102) Braun, Biokhimiya, 2, 801 (1937). 

(103) Dippy, Chem. Rev., 25, 204 (1939). 

(104) Watson, /. Chem. Soc., 127, 2067 (1925); 1137 (1928); 1373 
(1929); Chem. Rev., 7, 173 (1930). 

(105) Baker, Dippy, and Page, /. Chem. Soc., 1774 (1937). 

(106) Overton and Jones, J. Chem. Soc., 101, 1708 (1912). 

(107) Weber, Hennion, and Vogt, J. Am. Chem. Soc., 61, 1457 (1939). 

(108) Chattaway, J. Chem. Soc., 2495 (1931). 

(109) Wallis and Moyer, ]. Am. Chem. Soc., 55, 2598 (1933). 

(110) Davies and Evans, ]. Chem. Soc., 339 (1940). 

(111) Gordon, Miller, and Day, J. Am. Chem. Soc., 70, 1946 (1948). 

(112) Gordon, Miller, and Day, /. Am. Chem. Soc., 71, 1245 (1949). 

(113) Spielman and Schmidt, J. Am. Chem. Soc., 59, 947 (1937). 

(114) Swamer and Hauser, J. Am. Chem. Soc., 68, 2647 (1946). 

(115) Hauser and Walker, J. Am. Chem. Soc., 69, 295 (1947) 

(116) Brown, Bartholomay, and Taylor, J. Am. Chem. Soc., 66, 435 
(1944); Brown, ibid., 67, 1452 (1945); Brown and Pearsall, ibid., 
67, 1765 (1945). 

(117) Taylor, J. Chem. Soc., 1099, 1897 (1928); Taylor and Price, ibid., 
2052 (1929). 

(118) Schmid and Muhr, Ber., 70B, 421 (1937). 

(119) Remick, Electronic Interpretations of Organic Chemistry, p. 266, 
John Wiley and Sons, Inc., New York, 1943. 

(120) Hodgson, Chem. Rev., 40, 251 (1947). 

(121) Gomberg and Bachmann, J. Am. Chem. Soc., 46, 2339 (1924); 
Gomberg and Pernert, ibid., 48, 1372 (1926). 

(122) Kidd, J. Org. Chem., 2, 198 (1937). 

(123) Ingold and Kidd, /. Chem. Soc., 984 (1933). 

(124) Robinson, /. Chem. Soc., 220 (1941). 


S04 



(125) Dadieu, 64, 358 (1931). 

(126) Mary L. Kilpatrick, /. Am. Chem. Soc., 69, 40 (1947). 

(127) Ziegler, Eberle, and Ohlinger, Ann., 504, 94 (1933). 

(128) Roberts and Kimball, J. Am. Chem. Soc., 59, 947 (1937). 

(129) Lecher, 438, 169 (1924). 

(130) Fawsitt, Z. physik. Chem., 41, 603 (1902); Burrows and Fawsitt, 
J. Chem. Soc., 105, 609 (1914). 

(131) Smith, J. Am. Chem. Soc., 46, 414 (1924). 

(132) Bergstrom and McAllister, J. Am. Chem. Soc., 52, 2845 (1930). 

(133) Gilman, Sweeney, and Hech, J. Am. Chem. Soc., 52, 1604 (1930). 

(134) Ziegler and Zeiser, Ann., 485, 174 (1921). 

(135) Chichibabin, Bull. soc. chim., [5], 3, 762, 1607 (1936); [5], 5, 
429, 436 (1938). 

(136) Diels and Alder, Ber., 62, 554 (1929); Ann., 490, 243 (1931). 

(137) Gilman and Wright, Chem. Rev., 11, 323 (1932). 

(138) Middendorp, Rec. trav. chim., 38, 1 (1919); Teunissen, ibid. 49, 
784 (1930). 

(139) Peters and Fischer, /. Am. Chem. Soc., 52, 2679 (1930); Chichi¬ 
babin, Chimie et Industrie, Special No. 563, March (1932). 

(140) Runde, Scott, and Johnson, /. Am. Chem. Soc., 52, 1284 (1930). 

(141) Franklin and Borgstrom, Chem. Rev., 16, 305 (1935). 

(142) Gilman and Heck, J. Am. Chem. Soc., 52, 4949 (1930). 

(143) Fischer and Zerweck, Ber., 55, 1942 (1922). 


905 




Subject Index 


Acetal formation, 136 
Acetylene hydrocarbons, 19 
addition of halogens, 19 
addition of hydrogen halides, 19 
acid-catalyzed hydration, 20 
polymerization, 21 
formation of acetylides, 21 
reactions with Grignard reagents, 22 
Acid anhydrides, 190 
hydrolysis, 190 

addition of chlorine to ethylene in acetic anhydride, 191 
alcoholysis, 192 

ammonolysis and aminolysis, 192 
halogenation, 194 

Acid-catalyzed reactions, 16, 17, 20, 72. 102, 113. 120, 123, 126, 132, 157, 160, 175, 
190, 192, 200. 203, 227, 251, 256, 263, 282 
Acid chlorides, 194 

hydrolysis, alcoholysis, and ammonolysis, 194, 195 
promoting action of pyridine in acylation, 196, 198 
preparation of acid anhydrides, 196 
promoting action of alkalies in benzoylation, 197 
Acids, monobasic, 177 
saturated aliphatic acids, 177-182 
acid nature of carboxyl group, 177 
effect of substituents on acid strength, 178 
ionization, 180 
esterification, 180 
halogenation, 180 
decarboxylation, 181 
aromatic acids, 182 
resonant nature, 182 

effect of substituents on acid strength, 183 
decarboxylation, 185 
unsaturated monobasic acids, 186 
addition of hydrogen halides to a,j8-type, 186 
addition of halogens to a,/?-type, 186 
esterification of a,/?-type, 187 
lactone formation, 188 
Addition, 1,2- and 1,4-, 23, 146, 166, 214 
Alcohols, 65 

reactions with alkali metals, 65 
reactions with hydrogen halides, 65 
olefin formation from, 69 
ether formation from, 70 
ester formation from, 71 
pinacol rearrangement, 72 


807 



Aldehydes and ketones, 112 
tautomerism, 112 
addition of hydrogen cyanide, 114 
addition of sodium bisulfite, 115 
addition of Grignard reagents, 116 

reactions with semicarbazide, phenylhydrazine, and hydroxylamine, 117, 118 
aldol and aldol-type additions, 119-123 
Knoevenagel reaction, 123 
Mannich reaction, 125 
hydrogenation, 128 
Meerwein-Ponndorf reduction, 129 
halogenation, 132 
polymerization, 134 
acetal formation, 136 
Cannizzaro reaction, 137 
Tischtschenko reaction, 139 
benzoin condensation, 140 
Perkin reaction, 140 
Beckmann rearrangement, 142 
reaction of benzophenone with sodium hydride, 210 
reaction of benzaldehyde with sodium hydride, 210 
Aldol addition, 119 
Aldol-type additions, 123, 208, 253 
Alicyclic hydrocarbons, 50 
strained ring systems, 50 
cleavage reactions, 51 
Aliphatic diazo compounds, 273 
Aliphatic halogen compounds, 52 
Alkyl halides, 52 

nucleophilic displacements, 52-58 
radical displacements, 58, 59 
Allyl alcohols, 67 
Allyl halides, 60 
Allylic rearrangements, 61, 67 
Amides, 199 

resonance structures, 199 
hydrolysis, 200 

reaction with sodium hypochlorite or hypobromite, 201 
rearrangement of acid azides, 202 
Amines, aliphatic, 219 
basic nature, 219 
quaternary compounds, 222 
reactions with Grignard reagents, 223 
reactions with carbon disulfide, 224 
reactions with nitrous acid, 224 
Amines, aromatic, 229 
resonance structures, 229 
basic nature, 229 

reaction with Grignard reagents, 230 
reaction with carbon disulfide, 230 
reactions with nitrous acid, 231 
rearrangement of nitrosomethylaniline, 231 
reactions of diazonium compounds, 233 
formation and reactions of Schiff bases, 240 


308 



Amino acids, 270 
structure, 270 
acid and base nature, 270 
esterification, 271 

formation of diketopiperazines, 271 
formation of unsaturated acids, 271 
formation of lactams, 272 
reaction with nitrous acid, 272 

formation and reactions of aliphatic diazo compounds, 27B 
formation of hydantoic acid and hydantoin, 274 
Aminoazo compounds, 239, 245 
Anionotropy, 122 
Aromatic alcohols, 68 
Aromatic halides, 62 
resonant structures, 62 
reactions, 62, 63 
Aromatic hydrocarbons, 28 
resonant structures, 28, 31, 32 
hydrogenation, 30, 31 
nitration, 33 
sulfonation, 35 
halogenation, 36 
alkylation, 38 
acylation, 40 
chloromethylation, 44 
directive influence of substituents, 45 

Base-catalyzed reactions. 114, 119, 132, 190, 192, 200, 202, 207, 252, 282 

Beckmann rearrangement, 142 

Benzoin condensation, 140 

Benzyl chloride, 64 

Bibliography, 301 

Cannizzaro reaction, 137 
Carbanion, 72, 286 
Carbonic acid derivatives, 267 
Carbonium ions, 10, 12, 16, 34, 38, 68 
Cationotropy, 112 

N-Chloroacetanilide, rearrangement, 244 
Chloromethylation, 44 
Claisen condensation, 207, 259 
Claisen rearrangement, 90 
Conjugated systems, 23, 145, 166, 186, 214 
Covalent bonds, 2 
Curtius rearrangement, 202 

Darzen reaction, 106 
Dialdehydes and diketones, 152 
1 ,2-dialdehydes and diketones, 152 
formation of imidazoles, 152 
formation of quinoxalines, 152, 154 
1 ,8-diketones, 155 

reactions with phenylhydrazine and hydroxylamine, 155, 156 


m 



Diamines, aromatic o-diamines, 242 
preparation o£ azimi nobenzene and benzimidazoles, 242, 243 
Diazomethane, reactions, 274 
Diazonium compounds, 226, 232 
reactions, 233-240 
Diazotization, 232 

Dicarboxylit acids and derivatives, aliphatic, 256 
decarboxylation, 256 
anhydride formation, 257 
formation of succinimide, 258 
hydrolysis of succinimide, 258 
Claisen condensation, 259 
Dieckmann condensation, 261 
malonic ester syntheses, 261 
preparation of barbiturates, 262 
Dicarboxylic acids, aromatic, 265 
formation of phthalic anhydride, 265 
Gabriel reaction, 265 
Dicarboxylic acids, unsaturated, 263 
interconversion of maleic and fumaric acids, 263 
trans addition of bromine, 264 
Dieckmann condensation, 261 
Diels-Alder reaction, 24, 169, 289 
Dienes, 23, 27 
addition of bromine, 23 
addition of hydrogen bromide, 24 
polymerization, 24 
Diketene, 159 

preparation of ethylacetoacetate, 160 

preparation of acetoacetanilide and 4-methylcarbostyril, 161 
preparation of 4-methyluracil, 162 
preparation of benzoyl acetone, 162 
Dimethylsulfate, hydrolysis, 205 
Diphenyl, preparation, 62 
Directive influence of substituents, 45 


Electromeric displacements, 10, 112 
Electron-attracting groups, 12, 48, 52, 179 
Electronegativity, 6, 12 

Electron-releasing groups, 12, 13, 45, 47, 178, 206 
Electrophilic reagents, 10 
Esters, 202 
hydrolysis, 202 
ammonolysis, 206 
Claisen condensation, 207 
reaction with sodium hydride, 210 
reaction with diethylamino magnesium bromide, 211 
reaction with Grignard reagents, 213 
Esters of a,jfl-unsaturated acids, 214 
Michael reaction, 214 
addition of Grignard reagents, 215 

polymerization of esters of acrylic and methacrylic adds, 216 
Ethers, 98 


810 



oxonium compounds, 98 
reaction with hydriodic acid, 99 
reaction with sulfuric acid, 99 
reaction with hydrogen bromide, 99 
reaction with acyl chlorides and zinc chloride, 101 
cleavage reactions of olefin oxides, 102 
Darzen reaction, 106 
Ethylacetoacetate syntheses, 282 

Fischer>Hepp reaction, 231 
Free radicals, 8, 59, 216 
Friedel-Crafts reactions, 38, 40, 82, 294, 297 
Fries rearrangement, 85 
Furan and derivatives, 289 
resonance structures, 289 
addition of maleic anhydride, 289 
bromination, 290 

acid cleavage of 2,5-dimethyrfuran to acetonylacetone, 290 
acid cleavage of furfuryl alcohol to levulinic acid, 291 
reaction of furfuryl chloride with sodium cyanide, 292 
furfural reactions, 293 

Gabriel reaction, 266 
Gattermann reaction, 80, 298 
Glycidic esters, 106 
Glycols, 72 

Grignard reactions, 116, 145, 158, 213, 215, 223, 230, 253 
Grignard reagents, 58, 62 

Halochromic salts, 68 
Haloform reaction, 133 
Heterocyclic compounds, 284 
Hofmann reaction, 201 
Hydantoic acid, 274 
Hydantoin, 275 

Hydrogen bonding, 43, 100, 155, 178, 179, 185, 207, 220, 281 
Hydrogen fluoride as catalyst for acylation. 43 
Hydrogen fluoride as catalyst for alkylation, 41 
Hydroxy acids, aliphatic, 276 
cyclic diesters and linear polyesters, 276 
formation of unsaturated acids, 277 
formation of lactones, 278 
Hyperconjugation, 14, 47, 184 

Inductive cflfect, 52, 63 
Inductomeric effect, 12, 52 
Ionic bonds, 2 

Isomerization, 17, 59, 41, 189, 244 
Isomerization of N-substituted amines, 244 
N-chloro^c^Unilide to p-chloroacetanilide, 244 
diazoamino compounds to aminoazo compounds, 245 
benzidine rearrangement, 248 
Isonitriles, 255 


811 



Isonitriles, 255 (Continued) 

structure, 255 
hydrolysis, 255 

Ketenes, 157 

preparation of acetic acid, alkyl acetates, acetyl chloride, acetic anhydride and 
acetamide from, 157, 158 
addition of Grignard reagents, 158 
addition of halogens, 158 
polymerization of ketenes, 158-160 
reactions of diketene, 160-163 
Keto acids, 280 
reactions of pyruvic acid, 280 
reactions of acetoacetic acid, 281 
Ketones, 112 

Knoevenagel reaction, 123 
Kolbe reaction, 83 

Malonic ester syntheses, 261 
Mannich reaction, 125 
Meerwein-Ponndorf reduction, 129 
Michael reaction, 150, 214 

Nitration, 33, 77 
Nitriles. 251 
hydrolysis, 251 

formation of iminoethers and ortho esters, 252 
reaction with Grignard reagents, 253 
Thorpe reaction, 253 
ring closure of dinitriles, 253 

Olehn hydrocarbons, 10 
addition of halogens, 10 
addition of hydrogen, 12 
addition of hydrogen halides, 12 
addition of sulfuric acid, 15 
addition of hypochlorous acid, 15 
acid-catalyzed hydration, 16 
acid-catalyzed polymerization, 16 
acid-catalyzed isomerization, 17 

g lefin oxides, 102 
ppenauer oxidation, 132 
Oxonium ions, 15, 70, 98 

Paraffin hydrocarbons, 8 
halogenation, 8, 11 
Perkin reaction, 140 
Peroxide effect, 14 
Phenols, 76 

resonance structures, 76 
bromination, 77 
nitration, 77 

Reimcr-Tiemann reaction* 79 


312 



Gattermann reaction, 80 
Kolbe reaction, 88 
Fries rearrangement, 85 
Claisen rearrangement, 90 
acetylation, 192 
Photohalogenation, 8, 37 
Pinacol formation, 128 
Pinacol rearrangement, 72 
Polarization, 10, 12, 13, 16, 19 
Polymerization, 16, 134, 158, 216 
Prototropy, 112 
Pyridine and derivatives, 284 
resonance structures, 284 
sulfonation, nitration,and halogenation, 284 
formation of 2-aminopyridine, 284 
alkylation, 286, 287 
2-methyl and 4-methyl pyridines, 287 

active nature of the methyl groups, 287, 288 
pyridine carboxylic acids, 288 
decarboxylation, 288 
hydroxy pyridines, 288 
tautomeric character, 289 
amino pyridines, 289 
Pyrrole, 295 

resonance structures, 295 
introduction of carboxyl group, 295 
alkylation, 296 

halogenation, nitration, and sulfonation, 296 
Friedel-Crafts acylation, 297 
introduction of aldehyde group, 298 

Quaternary nitrogen compounds, 222 
Quinones, 164 
reduction, 165 

addition of hydrogen halides, 165 
addition of benzene sulfinic acid, 166 
addition of hydrogen cyanide, 167 
tautomeric nature of monoximes, 168 
reactions with bisulfites, 168 
Diels-Alder addition, 169 

Radical mechanisms, 8, 24, 37, 58, 63, 128, 216 
Reimer-Tiemann reaction, 79 

Resonance, 3, 20, 28, 31, 32, 34, 46, 60. 61, 67, 76, 177, 182, 199, 229, 232, 284, 289, 
293, 295 

structural requirements, 5 
Resonance energy, 4, 20, 30, 284, 289, 293, 295 

Saccharin, preparation, 267 
Sandmeyer reaction, 235 
Schiff bases, 241 
Semipolar bond, 2 
Sugars, 170 


SIS 



Sugars, 170 (Continued) 
mutarotation, 171 

effect of dilute alkali on hexoses, 171 

reactions with hydrogen cyanide, sodium bisulfite, hydroxylamine, and phenyl* 
hydrazine, 171-174 
glucoside formation, 174 
acetylation, 176 
Sulfonation, 35 

Substitution reactions of aromatic hydrocarbons, 33-48 

Tautomerism, 112, 155, 243, 251, 281, 289 
Thioalcohols, chemical behavior, 96 
Thiophene, 293 
resonance structures, 293 

bromination, nitration, and sulfonation, 293, 294 
Friedel-Crafts acylation, 294 
Thorpe reaction, 253 
Tischtschenko reacition, 139 

Unsaturated (a,^) aldehydes and ketones, 145 
addition of Grignard reagents, 145 
addition of hydrogen cyanide, 148 
addition of sodium bisulfite, 149 
addition of hydrogen halides, 150 
Michael reaction, 150 
Urea, 267 

resonance structures, 267 

hydrolysis, 268 

conversion to biuret, 267 

reaction with sodium hypobromite, 269 

Valence bonds, nature of, 1-7 
Vinyl halides, 60 

Williamson reaction, 57 
Wurtz reaction, 58 


814 






